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ABSTRACT  
   
Metalloporphyrins represent a class of molecular electrocatalysts for driving energy 
relevant half-reactions, including hydrogen evolution and carbon dioxide reduction. As 
electrocatalysts, they provide a strategy, and potential structural component, for linking 
renewable energy sources with the production of fuels and other value-added chemicals. 
In this work, porphyrins are used as structural motifs for exploring structure-function 
relationships in electrocatalysis and as molecular building blocks for assembling 
photoelectrochemical assemblies leveraging the light capture and conversion properties 
of a gallium phosphide (GaP) semiconductor. These concepts are further covered in 
Chapter 1. A direct one-step method to chemically graft metalloporphyrins to GaP 
surfaces is described in Chapter 2. Structural characterization of the hybrid assemblies is 
achieved using surface-sensitive spectroscopic methods, and functional performance for 
photoinduced hydrogen production is demonstrated via three-electrode electrochemical 
measurement combined with product analysis using gas chromatography. In Chapter 3, 
preparation of a novel cobalt porphyrin modified with 3-fluorophenyl groups at all four 
meso-positions of the porphyrin ring and a single 4-vinylphenyl surface attachment group 
at one of the β-positions is described. Electrochemical measurements show the 3-
fluorophenyl groups perturb the reduction potentials of the complex to more positive 
values as compared to non-fluorinated analogs, illustrating synthetic control over the 
redox properties of the catalysts. The use of grazing angle attenuated total reflectance 
Fourier transform infrared spectroscopy to characterize chemically modified GaP 
surfaces containing grafted cobalt fluoro-porphyrins is presented in Chapter 4. In these 
hybrid constructs, porphyrin surface attachment is achieved using either a two-step 
method involving coordination of cobalt fluoro-porphyrin metal centers to nitrogen sites 
  ii 
on an initially applied thin-film polypyridyl surface coating, or via a direct modification 
strategy using a cobalt fluoro-porphyrin precursor bearing a covalently bonded 
4- vinylphenyl surface attachment group. Finally, Chapter 5 describes binuclear copper 
porphyrins in which two copper porphyrin macrocycles are doubly fused at the meso-β 
positions are shown to be active electrocatalysts for the hydrogen evolution reaction. The 
enhancement in catalytic performance over analogous non-fused copper porphyrins 
indicates extended macrocycles provide an advantageous structural motif and design 
element for preparing electrocatalysts that activate small molecules of consequence to 
renewable energy. 
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1.1 Alternative Energy Storage 
Energy and environmental issues will likely dominate science and society for the next 
several decades as climate change threatens the wellbeing of the planet.1 The most 
abundant, renewable energy supply is solar. However, the diffuse and intermittent nature 
of sunlight hinders global-scale applications for meeting our society`s technological 
energy demands. Thus, effective methods for coupling the capture and conversion of 
solar energy (including applications of existing photovoltaic technologies) with storage 
mechanisms represents an outstanding challenge in the field of renewable energy and 
chemical sciences. Using the process of photosynthesis as inspiration, solar energy can be 
stored in the form of chemical bonds, producing fuels and other value-added chemical 
products. In this scenario, the development of advanced materials, processes, and 
techniques for controlling matter and energy at the nanoscale is receiving increased 
global attention2 as a technological path to restoring a safe operating space for 
humanity.3,4 
Technologies for producing and using carbon-neutral fuels such as hydrogen, an energy-
dense chemical by mass (143 MJ kg), could provide a path towards universal access to 
clean and affordable energy while limiting the environmental impact. Hydrogen 
production using water splitting electrolyzers powered by photovoltaics offer one strategy 
for producing fuels using solar energy.5 The hydrogen evolution reaction (HER) (2H+ + 
2 e- → H2), a half-reaction fundamental to several chemical transformations with 
relevance to energy transduction, is among the simplest proton-coupled electron transfer 
reactions. The long-established industrial catalyst for activating this transformation is 
elemental platinum. However, concerns that future market demands for platinum and 
other rare-earth elements could outpace availability have prompted researchers to seek 
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alternative materials and design principles to prepare catalysts for the production of 
hydrogen and other industrially relevant chemicals.6,7  
In summary, the work presented herein describes the design, synthesis, and 
characterization of metalloporphyrin HER catalysts and their applications in preparing 
heterogeneous-homogeneous (photo)electrocatalytic materials. 
1.2 Metalloporphyrins 
Tetrapyrrolic macrocycles, including metalloporphyrins, serve important roles in biology 
and as components in emerging molecular-based materials and technologies.8-17 As 
electrocatalysts, they are capable of chemically transforming protons into hydrogen as 
well as converting carbon dioxide into carbon monoxide when electrochemically 
activated in solution or immobilized at a conductive substrate polarized at an appropriate 
potential (Figure 1.1). 
 
 
Figure 1.1. Schematic depiction of a core porphyrin unit highlighting the synthetic 
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The synthetic versatility of the porphyrin architecture includes, but is not limited to, 
selection of the catalytic metal site for controlling activity and choice of ligand auxiliaries 
for tailoring their molecular structure as well as associated electronic properties (Figure 
1.1). These structural properties afford opportunities for fundamental studies of energy-
relevant chemical conversions and yield molecular-based strategies to design catalysts 
with enhanced activity to drive a range of redox reactions. 
1.3 Catalysis 
Catalysts are central to energy conversion in biology and technology.18-26 They provide 
low-energy pathways for steering chemical transformations and are used in applications 
ranging from manufacturing fuels and fine chemicals to controlling the bioenergetic 
reactions essential to all living organisms.  
In the context of chemical catalysis, supported molecular assemblies offer a promising 
approach to combining favorable features associated with homogeneous catalysts, 
including enhanced synthetic control over their physical properties. Such hybrid materials 
have been reported using a range of chemical approaches to assemble molecular 
components onto conducting or semiconducting substrates.27-32 In these constructs, 
chemical transformations can be triggered by application of an electrochemical bias or, in 
the case of photochemically active materials, by illumination of the sample. In 
technological processes, the solid-state form factors of heterogeneous electrocatalytic 
materials make them conducive to many industrial applications, including reactions 
where they provide a means of activating small molecules at electrified interfaces.33 
Conversely, the study of homogeneous molecular catalysts has provided researchers 
significant insights regarding mechanisms and active site structure-function relationships 
governing myriad catalytic processes.32,34-36 Unlike traditional surface electrocatalysts, 
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where the active sites are integral to the electrode and are structurally less well-defined, 
favorable features of homogeneous molecular electrocatalysts include enhanced synthetic 
control over their physical properties as dictated by their well-defined structures. Thus, 
they are distinct entities with their own electronic and chemical properties. 
1.4 Homogeneous Catalysis 
Although heterogeneous catalytic materials dominate industrial applications, the well-
defined structures associated with homogeneous molecular catalysts offer opportunities 
to improve mechanistic insights of the structure-function relationships governing 
catalytic active sites and their extended coordination environments. In the rapidly 
developing field of molecular electrocatalysis, researchers continue to explore the use of 
chemical coordination environments to control the catalytic properties of earth-abundant 
elements, facilitating mechanistic studies that can be prohibitive in more complex 
heterogeneous assemblies and thus aiding the design of better homogeneous as well as 
heterogeneous catalysts.28,37-40 Reports on the H2-evolving molecular electrocatalysts are 
based on earth-abundant elements such as Mo, Ni, Fe, Ni and Co.32,41-46 Their catalytic 
performance can be evaluated by kinetic and thermodynamic parameters obtained from 
electrochemical measurements including the standard benchmarking parameters: turnover 
number (TON), turnover frequency (TOF), and overpotential.47  
Cobalt porphyrin electrocatalysts (e.g. cobalt meso-tetrakis(N,N,N-trimethylanilinium-4-
yl)porphyrin) were investigated by Spiro and Kellett for catalysis of hydrogen production 
from water. As nucleophiles, electrochemically generated CoI species can be protonated 
to form cobalt hydrides that couple with protons and evolve hydrogen. Controlled-
potential electrolysis at -0.95 V vs SCE, show molecular cobalt porphyrins generate H2 in 
acidic media (pH 3.4) with ~100% current (Faradaic) efficiency and with no evidence of 
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catalysts decomposition. However, the adsorption of catalytic material on electrodes 
(glassy carbon, platinum, or tin oxide), detected as a peak for the return oxidation wave 
of the catalytic redox couple, complicated kinetic analysis.48 
Fujita and coworkers have shown that solutions of cobalt porphyrins in organic-based 
electrolytes can also electrochemically reduce CO2 to CO and formate when Co0 species 
are formed by one-electron reduction of CoI. The authors also have shown this process 
can be achieved at less negative potentials, but with smaller catalytic currents, when 
using fluorinated analogs of the cobalt porphyrins.49 
Work by Savéant and coworkers show iron porphyrins can serve as homogeneous 
electrocatalysts for hydrogen evolution when dissolved in an N, N`-dimethylformamide 
electrolyte solution containing protonated triethylamine. In this example, hydrogen is the 
only product with no significant catalyst degradation after 1 h of electrolysis performed at 
-1.6 V vs SCE. The proposed electrocatalytic mechanism involves reduction of the iron 
porphyrin to form Fe0, which is then protonated to form an iron hydride that further reacts 
with acid in solution to protonate the hydride and release hydrogen. A theoretical 
turnover frequency value of 4*105 s-1 was extrapolated from the experimental kinetic 
results collected at low acid concentration.50 
1.4.1 Fused Metalloporphyrins  
Fused bimetallic porphyrin architectures, where two porphyrin macrocycles are doubly or 
triply connected through meso- or b-positions, have been investigated for applications in 
optics, molecular wires, and organic conducting materials. 51-57 The electrocatalytic 
properties of this class of compounds have only recently been reported, in a publication 
by our research group, and are presented as part of this dissertation. 
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Electrocatalytic properties of a highly active molecular catalyst, binuclear copper(II) 
fused porphyrin complex (Figure 1.2), for activating the HER are described highlighting 
the concept of extended aromaticity and the use of fused bimetallic porphyrin as a 
structural motif for enhancing the catalysis of reductive chemical transformations 
including the conversion of protons to hydrogen.  
 
Figure 1.2. Molecular structure of binuclear copper fused porphyrin. 
 
The molecular / electronic structure imposed by fusion of the porphyrin macrocycles 
creates an extended p-system architecture that is characterized by a relatively large 
bathochromic shift in absorption spectrum, including the presence of transitions in the 
near-IR region.51 The electrochemical properties of fused porphyrins are consistent with 
the described red-shift in absorption spectrum where the HOMO-LUMO gaps are 
reduced, shifting the redox potentials for oxidative and reductive processes to less 
positive and less negative values.  
Fused bimetallic porphyrins represent a new class of molecular catalysts that possess 
favorable properties for applications in electrocatalysis, including the ability to 1) store 
multiple redox equivalents, 2) delocalize electrons across an extended multi-metallic 
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scaffold, 3) be reduced as well as oxidized at significantly less applied bias potentials 
compared to those required for analogous non-fused porphyrins, and 4) provide an 
alternative strategy, compared to the use of electron-withdrawing or electron-donating 
functional groups, to adjust the redox properties of molecular catalysts.58,59 
1.5 Heterogeneous Catalysis 
Artificial photosynthesis, which uses concepts inspired by its biological counterpart to 
produce fuels, is an attractive approach to storing solar energy.60-63 To this end, the 
immobilization of molecules on semiconductor materials is gaining interest.64 Although 
some recent progress has been made in developing such assemblies,15,28,65-71 finding new 
and more effective ways to interface catalysts to semiconductor surfaces remains a major 
challenge.32 Immobilization of porphyrins on substrates to produce photoelectrosynthetic 
or electrocatalytic assemblies that activate energy-related chemical transformations can 
be achieved through covalent modification of the (semi)conductor surface with molecular 
catalysts as well as noncovalent bonding strategies to achieve catalyst immobilization 
including adsorption, electropolymerization, coordination chemistry, or dropcasting. 
One of the first examples of covalent grafting of cobalt porphyrins onto a glassy carbon 
electrode for H2 production in solution was reported by Spiro and coworkers.72 In their 
work, cobalt meso-tetrakis(2-aminophenyl)porphyrins are chemically bound to a carbon 
substrate with surface carboxylic acid groups that were converted to the acyl chloride to 
be linked to the amine functional groups of the porphyrin macrocycle following the metal 
insertion reaction. The described constructs were studied with cyclic voltammetry in 
organic and aqueous conditions. In pH 7 phosphate buffer, the cobalt porphyrin-modified 
glassy carbon surface is active for proton reduction at a potential less than 200 mV 
negative of the H+/H2 equilibrium potential. The recorded activity in aqueous conditions 
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was 10-fold greater than the current recorded in a dimethyl sulfoxide solution. The rapid 
decay in catalytic current was observed over time due to disruption of the covalent 
attachment, causing leaching of cobalt porphyrin catalyst.  
Robert et. al. assembled pyrene-functionalized iron porphyrins on carbon nanotubes 
through noncovalent van der Waals p-p interactions between the pyrene functional group 
and a carbon surface, forming an active hybrid material that converts CO2 into CO with a 
Faradaic efficiency of 85% in aqueous conditions.73 The successful immobilization of 
molecular species was confirmed with XP spectroscopy and electrochemical testing. A 
stable catalytic activity was maintained over 12 h corresponding to a turnover number of 
813 and a TOF of 72 h-1 operating with a 480 mV overpotential. However, the proposed 
desorption of the pyrene anchors from the surface limits implementation of such catalytic 
systems. 
Robert and coworkers have also shown that iron porphyrins can be covalently grafted on 
carbon nanotubes, presenting a new strategy that can be applied to other conductive and 
semiconducting surfaces.74 First, carbon nanotubes are functionalized with 4-(N-Boc-
aminomethyl)benzene groups while refluxing in acetonitrile following the deprotection 
reaction to form amine groups that react with a molecular iron porphyrin precursor 
facilitating a covalent bond between the carbon surface and a catalyst. The covalent 
immobilization was verified using XP spectroscopy and cyclic voltammetry. The 
functionalized materials convert CO2-to-CO with a 500 mV overpotential and with a 
turnover frequency of 178 h-1 obtained from a 3 h electrolysis. 
A noncovalent porphyrin attachment strategy was described by Brudvig, Wang and 
coworkers, and is achieved through a deposition of a molecular copper porphyrin 
complex (copper 5,10,15,20-tetrakis(2,6-dihydroxyphenyl)porphyrin)) onto a carbon 
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cloth, resulting in an active heterogeneous system that can reduce CO2 to hydrocarbons in 
aqueous media.75 Structural characterization via XPS, SEM, and EDX confirmed the 
presence of molecular copper porphyrin on the electrode before and after catalytic 
measurements. The main products of catalysis, methane and ethylene, are generated with 
rates equal to 4.3 and 1.8 molecules site-1 s-1, respectively, when the modified-electrode is 
polarized at -0.976 V vs RHE. Conversion of CO2 to hydrocarbons has an associated 
Faradaic efficiency of 44%, suppressing the alternative reduction pathway of forming 
hydrogen. Electrochemical studies of the copper functionalized material coupled with 
Density Function Theory showed that the observed catalytic current at ~ -0.9 V vs RHE 
is likely correlated with a one-electron redox process Cu0/Cu-. 
An attachment method used to build hybrid systems for photoelectrosynthetic hydrogen 
production reported by Beiler and coworkers leverages a coordination chemistry 
approach in which the metal center of cobalt porphyrins are coordinated to a nitrogen site 
of a polypyridyl modified gallium phosphide surface.76 These cobalt porphyrin-modified 
photocathodes are photoactive for the proton reduction reaction and upon 1-sun 
illumination, evolve hydrogen from a neutral pH aqueous solution with the rate of 18 mol 
s-1 when polarized at 0 V vs RHE. Surface characterization was performed prior to and 
after photoelectrochemical characterization by surface-sensitive measurements including 
XP and GATR-FTIR spectroscopies, as well as ellipsometry, electrochemistry, and IPC-
MS spectrometry. Experimental results confirm the molecular modification involving 
cobalt coordination onto the nitrogen sites of the polymer film. These results include XP 
analysis of the N 1s peak as well as the value of the in-plane metalloporphyrin 
deformation mode of the cobalt porphyrin macrocycle as detected by GATR-FTIR 
spectroscopy. In addition, post-photoelectrochemical analysis provides evidence 
  11 
supporting the molecular integrity of porphyrin components remain intact. The described 
attachment method provides a means to assemble a highly active photocathode, but is 
limited by use of metal centers that can effectively coordinate to pyridinic nitrogens.  
1.5.1 Metalloporphyrins for Heterogeneous Solar H2 Evolution 
As part of this dissertation, a novel covalent strategy for assembling metalloporphyrins 
onto semiconducting surfaces is described. The presented work focuses on the synthetic 
methodology and structural characterizations of cobalt and iron porphyrin derivatives 
with a functional group that acts as a surface attachment linker for the photochemical 
grafting of the porphyrin macrocycle to the surface of a gallium phosphide (GaP) 
semiconductor. These hybrid constructs are shown to be active for solar hydrogen 
production (Figure 1.3), achieving activities that are among the highest reported to date. 
 
Figure 1.3. Structural representation of the cobalt and / or iron porphyrin- functionalized 
gallium phosphide surface. 
 
In such hybrid assemblies, the porphyrin-modified surface of the semiconductors harvests 
the power of the sun for efficient production of net carbon-neutral fuels. The surface 
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modification leverages a one-step method to chemically graft metalloporphyrin 
complexes onto p-type GaP(100). 
The selection of chemically and structurally different substituents on the porphyrin 
macrocycles provide a molecular-based strategy for tuning the electrochemical properties 
of redox catalysts and mediators.67,77-79 This concept is expanded in this work describing 
the synthesis and characterization of a cobalt porphyrin substituted with 3-fluorophenyl 
groups at all four meso-positions of the porphyrin ring modified with single 4-
vinylphenyl surface attachment group at one of the b- positions. Unmodified fluorinated 
cobalt porphyrin is a known homogeneous electrocatalyst for the reduction of CO2 in 
solution studies.49,80 Due to the electron-withdrawing nature of the 3-fluorophenyl 
substituents, electrochemical measurements of the described fluorinated cobalt porphyrin 
show the CoII/I redox process occurs ≈ 100 mV less negative than that of the 
nonfluorinated analog. In addition, a second reduction process, occurring at more 
negative potentials and assigned to the CoI/Co0 couple, is clearly resolved within the 
electrochemical window of the solvent. Fabrication of molecular-modified materials with 
the reported complex for solar activated CO2 reduction studies is underway. 
1.5.2 Surface Characterization Methods  
Molecular-modified surfaces have applications in a range of existing and emerging 
technologies.18,81-83 While fundamentally interesting, practical applications of 
heterogeneous catalytic systems demand improved understanding and control over the 
structural properties governing the function of these architectures. The list of available 
surface-sensitive techniques for characterization of heterogeneous catalytic systems 
prepared via either covalent or noncovalent methods includes: XP spectroscopy, 
attenuated total reflectance (ATR) or grazing angle attenuated total reflectance Fourier 
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transform infrared spectroscopy (GATR-FTIR), scanning electron microscopy (SEM), 
energy dispersive spectroscopy (EDS), transmission electron microscopy (TEM), and 
atomic force microscopy (AFM).  
The surface characterization studies of thin-film modified substrates via GATR-FTIR 
spectroscopy are presented in this work. The results demonstrate the use of GATR-FTIR 
spectroscopy as a sensitive tool for characterizing porphyrin-modified surfaces with 
absorption signals that are close to the detection limits of many common spectroscopic 
techniques. This study focuses specifically on structural characterization of cobalt fluoro-
porphyrin-modified surfaces of gallium phosphide. In these hybrid constructs, porphyrin 
surface attachment is achieved using either a two-step method, involving coordination of 
cobalt fluoro-porphyrin metal centers to nitrogen sites on an initially applied thin-film 
polypyridyl surface coating, or via a direct modification strategy, using a cobalt fluoro-
porphyrin precursor bearing a covalently bonded 4-vinylphenyl surface attachment group 
at a β-position (Figure 1.4).  
 
Figure 1.4. Structural representations depicting the architectures resulting from two 
distinct attachment methods used to prepare cobalt fluoro-porphyrin surface coatings on 
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gallium phosphide (where M = Co). 
 
Both surface-attachment chemistries leverage the UV-induced immobilization of alkenes 
but result in distinct structural connectivities of the grafted porphyrin units and their 
associated vibrational spectra. 
1.6 Outlook and Conclusions 
Controlling matter and information across the nano-, meso-, and macro- scales is a 
challenge for science and the imagination. The main focus of this dissertation is 
developing synthetic methodologies for constructing integrated photocathodes for light 
activating chemical transformations that include capturing, converting, and storing solar 
energy as fuel as well as exploring a new class of molecular catalysts for HER. 
Innovative synthetic methods support the development of new concepts and improve the 
understanding of fundamental aspects of structure-function relationships governing the 
use of extended aromaticity. Exploring the use of bimetallic architectures for solar fuel 
production advances knowledge of molecular catalysis in complex environments, further 
technological advancements, identifies novel applications, and inspires design of a new 
class of catalysts contributing to the field of chemical catalysis, interface chemistry, and 
solar fuels renewable energy science research. 
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CHAPTER 2  COBALT AND IRON PORPHYRIN-MODIFIED GALLIUM 
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2.1 Introduction 
Heterogeneous systems based on cobalt or iron porphyrin molecular catalysts 
immobilized onto a surface of gallium phosphide with a high activity for 
photoelectrosynthetic hydrogen production in aqueous conditions are described in this 
chapter. A direct one-step method to chemically graft metalloporphyrins to a visible-
light-absorbing semiconductor is presented with the aim of constructing an integrated 
photocathode for light activating chemical transformations that include capturing, 
converting, and storing solar energy as fuels. Structural characterization of the hybrid 
assemblies is achieved using surface-sensitive spectroscopic methods, and functional 
performance for photoinduced hydrogen production is demonstrated via three-electrode 
electrochemical testing combined with product analysis using gas chromatography. 
Measurements of the total per geometric area porphyrin surface loadings using a cobalt-
porphyrin-based assembly indicate a turnover frequency of 3.9 H2 molecules site-1 s-1, 
representing one of the highest activities for a molecular-catalyst-modified 
semiconductor photoelectrode operating at the H+/H2 equilibrium potential under 1-sun 
illumination.  
Cobalt and iron porphyrin complexes are chemically grafted onto p-type GaP(100), a 
midsize optical band gap semiconductor that has shown promise in light-emitting-diode 
technologies and in applications for solar energy transduction as a light capture and 
conversion component (Figure 2.1).1-8 Metalloporphyrin analogs are prepared via a novel 
synthetic strategy to yield a macrocycle with a pendent 4-vinylphenyl surface attachment 
group at the β-position of the porphyrin ring structure. This modification allows use of 
the UV-induced immobilization chemistry of olefins9-14 to attach intact metalloporphyrin 
complexes to the semiconductor surface. While the mechanistic details of the vinyl group 
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attachment chemistry are not settled, molecular binding appears to occur over bridging 
oxygen atoms on GaP surfaces.10,15,16  
 
Figure 2.1. Schematic representation of chemically modified cobalt or iron porphyrin 
complexes directly attached to the GaP surface for photoelectrosynthetic hydrogen 
production. 
 
2.2 Results and Discussion  
2.2.1 Materials Preparation 
Molecular precursors  
Synthesis of the 4-vinylphenyl functionalized metalloporphyrin precursors, cobalt(II) 
5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin (1), iron(III) 5,10,15,20-tetra-p-tolyl-
2-(4-vinylphenyl)porphyrin chloride (2), as well as model compounds, metalloporphyrins 
without a surface attachment group, cobalt(II) 5,10,15,20-tetra-p-tolylporphyrin (3), 
iron(III) 5,10,15,20-tetra-p-tolylporphyrin chloride (4), and a free-base porphyrin, 
5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin (5) is described in detail in Chapter 
6. 
Surface modification 
Preparation of the GaP substrates for subsequent photochemical functionalization using 
the structurally modified porphyrins begins with buffered hydrofluoric acid treatment to 
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remove the bulk surface oxide layers. First, diced semiconductor samples were degreased 
by wiping the surface with an acetone-soaked cotton swab and ultrasonically cleaning in 
acetone and isopropanol for 5 min each, followed by drying under nitrogen. Samples 
were then exposed to an air-generated oxygen plasma (Harrick Plasma, U.S.) at 30 W for 
2 min. Surface oxide layers were then removed by immersion of the plasma-treated 
samples in buffered hydrofluoric acid (6:1 HF/NH4F in H2O) for 5 min, followed by 
rinsing with Milli-Q water. The freshly etched wafers are placed into a sealed quartz flask 
containing an argon-sparged solution of the appropiate porphyrin precursor (1 mM) and 
illuminated with shortwave UV-light (254 nm) for 2 h (Figure 2.2). The porphyrin-
functionalized wafers are then removed from the flask, ultrasonically cleaned, and dried 




Figure 2.2. Schematic representation of the attachment strategy used to assemble 
metalloporphyrin modified gallium phosphide wafers (see main text for further details). 
 
Electrode Fabrication 
GaP working electrodes were fabricated by applying an indium-gallium eutectic 
(Aldrich) to the backside of a wafer, then fixing a copper wire to the back of the wafer 
using a conductive silver epoxy (Circuit Works). The copper wire was passed through a 
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glass tube, and the wafer was insulated and attached to the glass tube with Loctite 615 
Hysol Epoxi-patch adhesive. The epoxy was allowed to fully cure before testing the 
electrodes. 
2.2.2 Surface Characterization via GATR-FTIR and XP Spectroscopies 
Chemically modified and unmodified surfaces of the samples were characterized via 
grazing angle total reflectance Fourier transform infrared (GATR-FTIR) spectroscopy. 
Absorption spectra of unmodified GaP(100) substrates following acid treatment are 
characterized by significant residual surface oxygen coverage, and static water contact 
angles of <10° indicate a dominant coverage by hydrophilic hydroxyl groups (Figure 
2.3).  
 
Figure 2.3. GATR-FTIR absorption spectra of unmodified GaP(100) before (gray) and 
after (black) etching with HF solution (6:1 HF/NH4F in H2O). 
 
However, GATR-FTIR absorption spectra collected using samples following cobalt or 
iron porphyrin functionalization, 1 or 2, yielding CoP|GaP or FeP|GaP, respectively, are 
characterized by unique vibrational features corresponding to C=C bond ring modes of 
the porphyrin, appearing at 1607 cm-1, as well as transitions that are assigned to the Cβ-H, 
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Cα-N, and Cβ-Cβ vibrations of the macrocycle (Figure 2.4). The porphyrin related 
absorbance bands observed on the metalloporphyrin-modified GaP surfaces are 
consistent with previous literature reports regarding the peak positions of analogous non-




Figure 2.4. GATR-FTIR absorption spectra of CoP|GaP (green), FeP|GaP (dark red), and 
unmodified GaP (black). 
 
FTIR transmission spectra of the cobalt and iron porphyrin precursors (i.e. prior to their 
surface immobilization), show similar C=C bond ring modes centered at 1607 cm-1, but 
also include an additional pronounced peak centered at 1626 cm-1 associated with the 
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vinyl C=C bond (Figure 2.5). The lack of this pronounced feature at 1626 cm-1 in 
absorption spectra of the metalloporphyrin-modified GaP samples indicates undetectable 
to no vinyl functionality on the surfaces, consistent with the proposed mechanism of the 
vinyl group grafting chemistry on hydroxyl and oxygen-terminated surfaces.15, 16, 9-11  
 
 
Figure 2.5. (left) GATR-FTIR absorption spectrum of CoP|GaP (green) and FTIR 
transmission spectrum of the cobalt porphyrin precursor, cobalt(II) 5,10,15,20-tetra-p-
tolyl-2-(4-vinylphenyl)porphyrin (black) in KBr. (right) GATR-FTIR absorption 
spectrum of FeP|GaP (dark red) and FTIR transmission spectrum of the iron porphyrin 
precursor, iron(III) 5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin (black) in KBr. 
 
Further, the vibrational frequencies associated with an in-plane metalloporphyrin 
deformation vCo-N and vFe-N (where v is the vibrational frequency) observed on the 
surfaces of the CoP|GaP or FeP|GaP (1001 cm-1 and 997 cm-1, respectively) provide 
compelling evidence that the porphyrin metal centers remain intact following the grafting 
procedure (Figure 2.6). In contrast, the value of the in-plane porphyrin deformation 
mode, vN-H, of analogous free-base porphyrins, 5, occurs at 966 cm-1 (Figure 2.7). The 
similarity in values of in-plane metalloporphyrin deformation modes observed on the 
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metalloporphyrin-functionalized GaP surfaces with those observed in spectra of 
analogous non-surface-attached metalloporphyrins indicates the porphyrin metal centers 
maintain a similar vibrational environment following immobilization. Lastly, spectra of 
control samples, in which metalloporphyrins without the vinyl group functionality, 3 and 
4, are used during the photochemical grafting step, show no evidence of porphyrin 
complexes at the GaP surface. 
 
 
Figure 2.6. (left) GATR-FTIR absorption spectrum showing the vCo–N, at the surface of 
CoP|GaP (green) and FTIR transmission spectrum showing the vCo–N of the non-surface 
attached cobalt porphyrin (black) in KBr. (right) GATR-FTIR absorption spectrum 
showing the vFe–N at the surface of FeP|GaP (dark red) and FTIR transmission spectrum 
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Figure 2.7. FTIR transmission spectra of 5,10,15,20-tetra-p-tolylporphyrin (black), 
cobalt(II) 5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin (green), and iron(III) 
5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin chloride (dark red) in KBr. 
 
X-ray photoelectron (XP) spectroscopy provides additional characterization and evidence 
of successful functionalization. As compared to spectra obtained using unmodified GaP 
samples, survey XP spectra of CoP|GaP surfaces show the presence of additional N, Co, 
and C elements associated with attached cobalt porphyrins, and spectra of FeP|GaP 
surfaces show the presence of additional N, Fe, and C elements associated with attached 
iron porphyrins (Figure 2.8). In addition, the high-energy resolution Co 2p core level 
spectrum of the CoP|GaP samples shows peaks centered at 780.9 eV (2p3/2) and 796.7 eV 
(2p1/2) with a 2:1 branching ratio (Figure 2.9). The Co 2p3/2 signal indicates a complex 
multiplet structure, consistent with the oxidation state +2 and the open-shell (d7) 
character of the Co ion.20,21 For the FeP|GaP substrates, Fe 2p core level spectra contain 
features characteristic of FeIII porphyrins, including peaks centered at 710.8 eV (2p3/2) 
and 724.1 eV (2p1/2) (Figure 2.9).22 Lastly, analysis of the Co 2p and N 1s spectral 
intensity ratios of CoP|GaP spectra as well as the Fe 2p and N 1s spectral intensity ratios 
of FeP|GaP spectra yields metal : nitrogen ratios of 1:4 for both constructs, indicating no 
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Figure 2.8. XP survey spectra of CoP|GaP (green) and FeP|GaP (dark red). 
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Figure 2.9. Co 2p core level XP spectrum of CoP|GaP (green) and Fe 2p (dark red) core 
level XP spectrum of FeP|GaP. 
 
2.2.3 Photoelectrochemical Measurements 
Catalytic activity of the resulted photoelectrodes was performed via photoelectrochemical 
(PEC) studies in a three-electrode configuration cell under 1-sun illumination in aqueous 
solutions. Illumination of CoP|GaP electrodes polarized at 0 V vs RHE in pH neutral 
aqueous solutions results in hydrogen generation at an initial rate of ~ 10 μL min-1 cm-2. 
This rate of hydrogen evolution exhibits less than 10% loss of activity over 4 h of PEC 
measurement. By contrast, the iron-based constructs, FeP|GaP, show significant 
diminution of performance during PEC testing, including a rapid loss in current density 
following illumination during bulk-electrolysis measurements (Figure 2.10). Further, the 
relatively stable photocurrent densities that are measured after the drop off are similar in 
value to those initially achieved using unmodified GaP electrodes polarized at the same 
potential (0 V vs RHE) (Figure 2.11).  
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Figure 2.10. Chronoamperograms using CoP|GaP (green) or FeP|GaP (dark red) working 
electrodes polarized at a constant potential of 0 V vs RHE and under 1-sun illumination 
(100 mW cm-2). 
 
 
Figure 2.11. Linear sweep voltammograms recorded in the dark (dashed) or under 1-sun 
illumination (solid) using unmodified GaP(100) (black), CoP|GaP (green), or FeP|GaP 
(dark red) working electrodes collected in a three-electrode electrochemical cell in 
phosphate buffer (pH 7). 
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Thus, there is a nearly complete loss of the photocurrent gains afforded by the iron 
porphyrin, 2, functionalization. Although the iron porphyrins are notorious for their 
relative instability and propensity to form µ-oxo dimers,23-27 a detailed analysis of the 
photocurrent degradation pathways regarding the FeP|GaP constructs is currently 
unavailable. These results do, however, illustrate the synthetic versatility of the porphyrin 
architecture, including selection of the catalytic metal site for controlling activity, and 
presence of ligand auxiliaries for tailoring their molecular structure as well as associated 
electronic properties. During PEC testing, the formation of gas bubbles at the surface of 
the porphyrin-modified electrode are transiently observed in linear sweep voltammetry 
experiments, when the electrodes are polarized at potentials generating cathodic currents, 
and continuously observed during bulk photoelectrolysis experiments (Figure 2.12).  
 
 
Figure 2.12. A photograph of a CoP|GaP photocathode (insert) under 
photoelectrochemical testing. 
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Gas chromatography analysis of the photoproducts confirms the production of hydrogen 
with near-unity Faradaic efficiency (measured at ~97% following 30 min of illumination) 
when using CoP|GaP working electrodes (Figure 2.13). These results confirm that no 
measurable hydrogen is present prior to illumination of the electrode surface (Figure 
2.14) and the rate of hydrogen production is directly correlated with the current produced 
by the photocathode during illumination. Measurements performed using FeP|GaP 
working electrodes polarized at 0 V vs RHE also confirm the photoproduction of 
hydrogen. However, the Faradaic efficiency is ~45% following 6 min of illumination. To 
facilitate comparisons with data obtained using the metalloporphyrin-modified GaP 
constructs in aqueous conditions, cyclic voltammograms of 3 and 4 recorded in organic 
solvents with a supporting electrolyte (0.1 M tetrabutylammonium hexafluorophosphate 
in butyronitrile) are included in this report (Figure 2.15).  
 
 
Figure 2.13. Gas chromatograms obtained using samples of headspace gas collected 
from sealed photoelectrochemical cells containing working electrodes polarized at a 
constant potential of 0 V vs RHE and under 1-sun illumination. The amount of hydrogen 
produced in these experiments corresponds to a Faradaic efficiency of 97% following 30 
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Figure 2.14. Gas chromatograms obtained using gas samples of the headspace collected 
from a sealed photoelectrochemical cell equipped with a CoP|GaP working electrode 
polarized at 0 V vs RHE. The samples were collected before (dash-dotted) and after 
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Figure 2.15. Cyclic voltammograms recorded using butyronitrile solutions of model 
cobalt porphyrin, 3, (green) or iron porphyrin, 4, (dark red) compounds. 
 
Under these conditions, the difference in potential between the midpoints of the CoII/CoI 
and FeII/FeI couples is ~ 230 mV, with the cobalt relay occurring at less negative 
potentials (Table 2.1).  
 






(V vs Fc+/Fc) 
IIE 
(V vs Fc+/Fc) 
iE 




-2.21 (DEp=80 mV) 
-1.33 (DEp=90 mV) 
-1.56 (DEp=80 mV) 
- 
-0.78 (DEp=84 mV) 
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For the metalloporphyrin-modified GaP surfaces, a difference in potential to access the 
catalytically active cobalt or iron redox state in aqueous conditions may contribute to the 
120 mV offset required to achieve a -1 mA cm-2 current density using the CoP|GaP 
versus FeP|GaP photocathodes (Table 2.2).  
 
Table 2.2 PEC Characteristics of GaP, CoP|GaP, and FeP|GaP Photocathodes. 
 
 
However, other factors, including differences in hydricity of the metal centers28-30 and 
possible changes in electronic structure of the underlying semiconductors upon 
functionalization31-35 may contribute to this divergence. Nonetheless, the saturating 
current densities, measured at 0 V vs RHE using CoP|GaP working electrodes, do 
increase approximately linearly with illumination intensity (Figure 2.16), indicating that 
photocarrier transport to the interface in part limits the performance and that 
improvement in the spectral coverage and photophysical properties of the underpinning 





(V vs RHE) 
E at -1 mA cm-2 
(V vs RHE) 




0.57 ± 0.03 
0.61 ± 0.01 
-0.04 ± 0.06 
-0.35 ± 0.03 
0.86 ± 0.21 
-1.31 ± 0.03 
FeP|GaP 0.61 ± 0.01 +0.23 ± 0.07 -1.29 ± 0.04 
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Figure 2.16. Photocurrent density recorded at increasing illumination intensity using a 
CoP|GaP working electrode polarized at 0 V vs RHE in phosphate buffer (pH 7). 
 
A comparison of the photon flux striking the CoP|GaP surface at simulated 1-sun 
intensity with the electron flux measured during PEC testing allows an analysis of 
external quantum efficiency (EQE). Considering only photons in the GaP actinic range, 
i.e. those with energies higher than 2.26 eV GaP band gap, the EQE = 19% for CoP|GaP 
electrodes polarized at 0 V vs RHE. A similar analysis of the optical to chemical power 
conversion efficiency (η)36 is achieved by comparing the spectral irradiance at this 
wavelength range with the output chemical power represented by the rate of hydrogen 
production. Using the enthalpy of H2 combustion (286 kJ mol-1) or change in Gibbs free 
energy (237 kJ mol-1), η = 11% or 9%, respectively. These measurements are performed 
using a three-electrode configuration and thus represent energetics and efficiencies 
associated with a photocathode component, not a device.37,38 
2.2.4 Turnover Frequency 
Total cobalt loadings on the CoP|GaP surface were obtained using inductively coupled 
plasma mass spectrometry (ICP-MS), yielding a cobalt porphyrin surface concentration 
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of 0.59 ± 0.03 nmol cm-2. The loadings obtained from this analysis combined with the 
current densities measured in polarization experiments using CoP|GaP working 
electrodes yield information on the activity of the electrodes per number of porphyrins 
assembled on the surface and thus an estimate of the immobilized porphyrin turnover 
frequency (TOF). Using only the increase in current density obtained for a GaP electrode 
polarized at 0 V vs RHE following cobalt porphyrin surface functionalization, this 
equates to TOF of 3.9 H2 molecules site-1 s-1, representing one of the highest activity 
reported for a molecular-catalyst-modified semiconductor photoelectrode operating at the 
H+/H2 equilibrium potential under 1-sun illumination. In future work, implementation of 
porphyrins with improved catalytic features and the development of synthetic 
methodologies to achieve higher porphyrin surface loading as well as improved 
interfacial dynamics may lead to further performance gains. 
2.3 Conclusions  
In this chapter, a one-step method to chemically graft metalloporphyrin catalysts onto p-
type gallium phosphide (100) is described. The cobalt and iron porphyrin complexes are 
structurally modified with a 4-vinylphenyl group essential to successful semiconductor 
attachment using the UV-induced grafting method. Structural analysis of the constructs 
using surface-sensitive characterization techniques, including XP and GATR-FTIR 
spectroscopies, provides evidence of successful grafting. The resulting hybrid material 
can be used as a photocathode for driving the hydrogen evolution half-reaction and shows 
significantly improved photoelectrochemical performance over unmodified gallium 
phosphide electrodes. When using GaP(100) with identical doping conditions (i.e. cut 
from the same ingot), the PEC results using CoP|GaP show an enhanced rate and stability 
of photoinduced hydrogen production over the analogous FeP|GaP assemblies. Co and Fe 
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porphyrins permit access to metalI/metal0 redox couples and are known catalysts for the 
electrochemical reduction of carbon dioxide. Thus, methods to covalently graft 
porphyrins to semiconductor substrates could lead to new perspectives and approaches of 
photoelectrochemically activating carbon dioxide. In addition, the porphyrins are 
synthetically versatile, allowing tailoring of their molecular structure and electronic 
properties as new discoveries and material developments emerge. Key features of the 
reported constructs include the use of metalloporphyrins with built-in chemical sites for 
direct grafting to a GaP semiconductor, creating hybrid assemblies capable of converting 
photonic energy to fuel. 
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CHAPTER 3  SYNTHESIS AND CHARACTERIZATION OF A COBALT 
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3.1 Introduction 
Controlled synthetic manipulations of molecular structure and peripheral substituents of 
porphyrin macrocycles enable the design and preparation of molecular catalysts with 
desired properties and functions. In this chapter, the synthesis and characterization of a 
novel cobalt(II) 5,10,15,20-tetrakis(3-fluorophenyl)porphyrin bearing a 4-vinylphenyl 
surface attachment group at a beta position on the macrocycle is described. 
Electrochemical measurements show the 3-fluorophenyl groups at the meso-positions of 
the porphyrin perturb the reduction potentials of the complex to more positive values as 
compared to non-fluorinated analogs, thus allowing access to reduced cobalt porphyrin 
species at significantly less negative applied bias potentials.  
Fluorine substitution provides a powerful synthetic tool in organic and bioorganic 
chemistry.1,2 The chemical stability and relatively small size of fluorine coupled with its 
highly electron-withdrawing nature (a 4.0 on the Pauling scale) are attractive features. In 
addition to the use of fluoro-groups as reporters in 19F NMR studies3-6, this highly 
electronegative group has shown promise in promoting novel protein-substrate as well as 
protein-protein interactions7-9 and provides a molecular strategy for tuning the 
electrochemical properties of redox catalysts and mediators.10-15 
Porphyrins serve important roles in living systems and as molecular components in 
technological assemblies for sensor applications, catalysis, and energy transduction. As 
an example of the latter described in Chapter 2, a synthetic methodology to chemically 
graft metalloporphyrins to visible-light-absorbing semiconductors for construction of an 
integrated photocathode with applications in artificial photosynthesis16-23 including light 
activation of chemical transformations for capturing, converting, and storing solar energy 
in the form of chemical bonds. In this assembly, the semiconductor serves as a light 
  45 
capture and conversion component as well as a physical support for assembling the 
modified cobalt fluoro-porphyrin catalysts. Thus the assembly combines solid-state light 
capture and conversion materials with molecular surface coatings to enhance 
photoelectrochemical fuel production activity. For the fluorinated porphyrin analog 
described in this report, electrochemical measurements show the CoII/I redox process 
occurs ≈100 mV less negative than that of the previously reported nonfluorinated analog 
described in Chapter 2. In addition, a second reduction process, occurring at more 
negative potentials and assigned to the CoI/Co0 couple, is clearly resolved within the 
electrochemical window of the solvent. These results are consistent with the electron-
withdrawing nature of the 3-fluorophenyl substituents and previous reports on cobalt(II) 
tetrakis(3-fluorophenyl)porphyrin24,25, a known homogeneous electrocatalyst for the 
reduction of CO2 in solution studies.  
Nuclear magnetic resonance, electron paramagnetic resonance, UV-Vis absorption, and 
Fourier transform infrared spectroscopies coupled with mass spectrometry confirm 
successful synthesis of the target compound and provide information on the magnetic, 
electronic, and vibrational structure of the complex. The unique electron configuration 
surrounding the nucleus of fluorine in molecules (on average it is surrounded by nine 
electrons) provides a wider range and higher sensitivity of the fluorine chemical shifts 
than those typically encountered with other elements resulting in an unprecedented 
upfield 19F resonance ascribed to the unique connectivity of the reported structure and 
causing close proximity of one of the 3-fluorophenyl groups to the ring current of the 
covalently attached 4-vinylphenyl surface attachment group. 
3.2 Results and Discussion  
3.2.1 Materials Preparation 
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Synthesis of 5,10,15,20-tetrakis(3- fluorophenyl)porphyrin (6), 2-bromo-5,10,15,20-
tetrakis (3-fluorophenyl)porphyrin (7), 5,10,15,20-tetrakis(3-fluorophenyl)-2-(4-
vinylphenyl) porphyrin (8), cobalt(II) 5,10,15,20-tetrakis(3-fluorophenyl)-2-(4-
vinylphenyl) porphyrin (9), and cobalt(II) 5,10,15,20-tetrakis(3-fluorophenyl)porphyrin 
(10) is described in detail in Chapter 6.  
3.2.2 Synthesis and Characterization  
The synthetic scheme used to prepare the target compound, 9, is shown in Figure 3.1.  
 
 
Figure 3.1. Synthetic scheme used to prepare cobalt(II) 5,10,15,20-tetrakis(3-
fluorophenyl)-2-(4-vinylphenyl)porphyrin where (a) NBS, CHCl3, Ar, reflux; (b) 4-
VPBA, K2CO3, Pd(Ph3)4, reflux; (c) Co(OAc)2*4H2O, DMF, reflux.  
 
The starting material, 5,10,15,20-tetrakis(3-fluorophenyl) porphyrin, 6, is synthesized 
according to previously reported literature procedures.26,27 Bromination of 6 with N-
bromosuccinamide (NBS) in a mixture of dichloromethane and methanol affords 2-
bromo-5,10,15,20-tetrakis (3-fluorophenyl)porphyrin, 7, in 45% yield. Successful 
monobromination at the beta position of the macrocycle is confirmed by NMR 
spectroscopy and MALDI-TOF mass spectrometry. In particular, the β-pyrrolic proton 
resonances in the 1H NMR spectrum of 7 observed as a broad multiplet signal between 
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8.75–8.95 ppm that integrates to seven, consistent with the magnetically nonequivalent 
environments of the β-pyrrolic protons following the bromination reaction. This is in 
stark contrast to the starting compound 6, where the four-fold symmetry of the 
macrocycle results in a single β-proton resonance that integrates to eight and is centered 
at 8.86 ppm (Figure 3.2).  
 
 
Figure 3.2. 1H NMR spectra showing the symmetry of β-pyrrolic protons of compound 6 
(top left) and compound 7 (bottom left). MALDI-TOF MS data showing the isotopic 
distribution patterns of 6 (top center) and 7 (bottom center). Corresponding molecular 
structures of 6 (top right) and 7 (bottom right). 
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As anticipated for the unique isotopic distribution patterns associated with bromine-
containing compounds, 7 reveals two isotope clusters with near equal intensities and m/z 
= 763.83 and 765.89 for the M+ peaks (where M = C44H25BrF4N4, calcd. 764.12 and 
766.12). In comparison with the absorption spectrum of 6, a 3 nm bathochromic shift is 
observed for the Soret absorption maximum as well as all four Q-bands, and the 
transition at 548 nm is diminished in relative intensity with respect to the other three Q-
band transitions.  
In the next synthetic step, a Suzuki cross-coupling reaction between 7 and 4-vinylphenyl 
boronic acid is used to prepare 5,10,15,20-tetrakis(3-fluorophenyl)-2-(4-
vinylphenyl)porphyrin, compound 8, with 58% yield. Confirmation of the molecular 
connectivity of 8 includes, but is not limited to, 1H, 13C, and 19F NMR spectroscopy. The 
1H NMR spectrum of 8 shows the characteristic splitting pattern in the region of 
5.11– 6.90 ppm associated with the resonances of the vinylic protons and consistent with 
their assignments. The proton NMR spectrum of this region is shown in Figure 3.3 along 
with the overlaid 2-dimensional gradient correlation spectroscopy (gCOSY) spectrum 
showing the cross-peak patterns assigned to trans- and cis-vicinal coupling between the 
doublet of doublets (J = 20 Hz, J = 12 Hz) proton signal Ha at 6.76 ppm and the signals 
assigned to the pair of geminal protons Hb and Hc appearing as doublets (J = 20 Hz and J 
= 12 Hz) at 5.78 ppm and 5.30 ppm, respectively. In the 13C NMR spectrum of 8 a signal 
at 204.37 ppm is assigned to the deshielded carbons that are directly bound to fluorines. 
Finally, unlike the single triplet observed at –116.40 ppm in the 19F spectra of 6, arising 
from the magnetic equivalence of the four fluoro groups and coupling to neighboring 
protons, the 19F NMR spectrum of 8 confirms the presence of magnetically nonequivalent 
fluorine environments, including a relatively upfield triplet at –117.86 ppm (Figure 3.4). 
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The upfield shift of this resonance is ascribed to the operation of a unique through space 
phenyl ring current effect induced by the nearby 4-vinylphenyl moiety. 
 
Figure 3.3. (left) Molecular structural fragment of compound 8 depicting a conformation 
in which the fluorine of a 3-fluorophenyl group is exposed to the ring current of the 
nearby 4-vinylphenyl moiety; (right) 1H NMR spectrum showing the vinylic proton 
region of 8 and the overlaid gCOSY spectrum.  
 
Figure 3.4. 19F NMR of compound 8 showing the unique magnetic environments of the 
four fluoro groups, including a significantly upfield resonance centered at –117.86 ppm. 
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In the final synthetic step, the target compound is prepared by treating porphyrin 8 with 
cobalt(II) acetate in a refluxing solution of dimethylformamide, yielding cobalt(II) 
5,10,15,20-tetrakis(3-fluorophenyl)-2-(4-vinylphenyl)porphyrin, compound 9, with 98% 
yield, following purification via column chromatography. Successful insertion of cobalt 
into the tetrapyrrolic macrocycle of 8 is confirmed by the electronic absorption (UV-Vis) 
spectrum of the target molecule collected in dichloromethane. The absorption spectrum 
of 9 shows two intense bands with one component associated with the Soret band 
transition at 412 nm and another for a Q-band transition appearing at 532 nm. This result 
is consistent with the approximate D4h symmetry of the macrocycle following the metal 
insertion. Conversely the Q-band transitions of the free-base porphyrins appear as four 
absorption bands due to the reduced symmetry. For the target compound, there is also a 
≈ 5 nm red shift of the Soret band and lowest energy Q-band as compared to a spectrum 
of cobalt(II) 5,10,15,20-tetrakis(3-fluorophenyl) porphyrin, 10, a model porphyrin 
compound that does not contain the 4-vinylphenyl functional group. The conversion of 8 
into 9 was also confirmed by FTIR spectroscopy; in particular, the transmission spectrum 
of 9 does not contain the peak at 980 cm-1 associated with pyrrolic in-plane N–H 
porphyrin deformation of the free-base fluorinated porphyrin 6.28 Instead, a new feature 
appears at 1004 cm-1 that is associated with an in-plane cobalt porphyrin 
deformation.29, 30 The FTIR transmission spectrum of 9 also includes vibrational features 
assigned to Cβ– H, Cα–Cβ (1078–1111 cm-1), Cm–Cph (1265–1303 cm-1), Cα–N (1347 cm-
1), Cβ=Cβ, C=Cph (1377–1480 cm-1), and C–F (1133–1178, 1554–1627 cm-1) modes 
(Figure 3.5).31-33  
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Figure 3.5. FTIR transmission spectrum of 9 collected in KBr (top) and an expanded plot 
of the 961–1039 cm-1 region (bottom), showing the transmission spectrum of 9 (solid) as 
well as the free-base precursor 3 (dashed). 
 
The electronic structure of 9 was also investigated using X-band (9.44 GHz) electron 
paramagnetic resonance (EPR) spectroscopy at 4 K (Figure 3.6). The observed spectral 
features are consistent with a S = 1/2 spin system. To obtain the EPR parameters, the 
respective spin Hamiltonian was fit to the data. The EPR spectrum of 9 is well fit 
considering a low-spin 59Co(II) center (d7, SCo = 1/2, ICo = 7/2) with anisotropic g-values 
(gx = 2.081, gy = 2.020, gz = 1.966) and non-resolved hyperfine coupling interactions 
between the magnetic moment of the unpaired electron and the magnetic moment of the 
59Co nucleus. Finally, the MS data of 9 show a single isotope cluster with m/z = 844.96 
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for M+ (where M = C52H30CoF4N4, calcd. 845.17), consistent with the mass of the target 
compound. 
 
Figure 3.6. Experimental (top) and simulated (bottom) X-band (9.44 GHz) EPR spectra 
of 9 collected at 4 K in dichloromethane. 
 
3.2.3 Electrochemical Studies 
The electrochemical properties of 9 were studied via cyclic voltammetry (CV) in an 
argon sparged solution of 0.1 M tetrabutylammonium hexafluorophosphate in 
butyronitrile using a glassy carbon working electrode, a platinum counter electrode, and a 
silver wire pseudo reference with ferrocene as an internal standard (Figure 3.7).  
Under these conditions, the CV of 9 shows three well-defined redox features within the 
potential window + 0.98 to –2.22 V vs SCE that for simplicity are assigned to metal-
based redox processes. However, distinguishing ligand-based reductions from those that 
are metal-centered can be difficult and reductive processes of cobalt porphyrins have 
been ascribed to both innocent and non-innocent ligand chemistry.32,34-36 
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Figure 3.7. Cyclic voltammogram of 9 recorded in 0.1 M tetrabutylammonium 
hexafluorophosphate in butyronitrile under argon using a glassy carbon electrode and a 
scan rate of 500 mV s-1. 
 
This situation is of particular interest in connection with catalysis of multielectron redox 
processes by earth abundant metals where one-electron redox-state changes are often 
preferred. Assignments of the redox couples measured for 9, their midpoint potentials 
(nE1/2), and associated peak-to-peak separations (ΔEp) are listed in Table 3.1.  
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Table 3.1. Midpoint Potentials for the Reduction, nIE, and Oxidation, niE, of 9. 
 
 
The most oxidative feature, at E1/2 = + 0.29 V vs SCE, is ascribed to the CoIII/CoII couple, 
a quasi-reversible process with a relatively large peak-to-peak separation (ΔEp = 379 mV) 
due to sluggish electron transfer during the oxidation of low spin CoII ion and a slow self-
exchange electron transfer rate.32, 37 The CoII/CoI redox couple is assigned to the 
chemically reversible process occurring at E1/2 = –0.75 V vs SCE with a peak-to-peak 
separation of 72 mV and the CoI/Co0 redox couple is assigned to the most reducing 
feature at E1/2 = –1.79 V vs SCE with a peak-to-peak separation of 77 mV. In comparison 
with cobalt(II) 5,10,15,20-tetrakis(4-methylphenyl)-2-(4-vinylphenyl)porphyrin, the 
complex reported here allows access to the CoII/CoI and CoI/Co0 relays at significantly 
less negative applied bias potentials. Likewise, these values are consistent with reports on 
the electrochemistry of cobalt(II) 5,10,15,20- tetrakis(3-fluorophenyl)porphyrin, a known 
homogeneous electrocatalyst for the reduction of CO2 in solution studies. Thus, 
installment of the 4-vinylphenyl moiety does not deactivate the ability of the fluorinated 
porphyrin complex to access the CoI and Co0 states at relatively low (i.e. less negative) 
potentials. 
3.3 Conclusions  
Compound 
nE1/2 (V vs SCE), (ΔEp, mV) 
IIE (CoI/0 or P/P-) IE (CoII/I) iE (CoIII/II) 
9 -1.79 (77) -0.75 (72) +0.29 (379) 
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A novel synthetic methodology to prepare a cobalt(II) tetrakis(3-fluorophenyl)porphyrin 
with a built-in 4-vinylphenyl surface attachment moiety is reported. Spectroscopic 
characterization, including: 1H NMR, 13C NMR, 19F NMR, UV-Vis, FTIR, and EPR, as 
well as MALDI-TOF MS confirm the molecular structure of the target molecule. 
Electrochemical studies reveal the 3-fluorophenyl substituents allow the porphyrin 
complex to deliver relatively low potential CoI and Co0 species as compared to a 
previously reported non-fluorinated analog. The surface attachment chemistry will be 
shown and discussed in Chapter 4; however, the photoelectrochemical properties of 
resulting complex will be part of a future report. 
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CHAPTER 4  VIBRATIONAL STRUCTURAL ANALYSIS OF COBALT 
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4.1 Introduction 
One of the structural characterization techniques to analyze chemically modified 
substrates with a thin layer of molecular species is a grazing angle attenuated total 
reflectance Fourier transform infrared (GATR-FTIR) spectroscopy that is also a non-
destructive and surface-sensitive characterization technique capable of identifying 
organic and inorganic species, surface functional groups on substrates with relatively 
high refractive indexes.1-3 Chapter 4 describes the use of GATR-FTIR spectroscopy for 
studying chemically modified gallium phosphide (GaP) surfaces containing grafted 
cobalt(II) porphyrins with 3-fluorophenyl substituents installed at the meso-positions of 
tetrapyrrolic macrocycles. In these hybrid constructs, porphyrin surface attachment is 
achieved using either a two-step method, involving coordination chemistry of cobalt 
fluoro-porphyrin metal centers to nitrogen sites on an initially applied thin-film 
polypyridyl surface coating, or via a direct modification strategy, using a cobalt fluoro-
porphyrin precursor bearing a covalently bonded 4-vinylphenyl surface attachment group 
at a β-position (Figure 4.1). 
 
Figure 4.1. Structural representations of cobalt fluoro-porphyrin surface coatings on 
gallium phosphide.  
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Both surface-attachment chemistries leverage the UV-induced immobilization of alkenes 
but result in distinct structural connectivities of the grafted porphyrin units and their 
associated vibrational spectra. In particular, the in-plane porphyrin deformation 
vibrational frequency of metalloporphyrin components in samples prepared via 
coordination to the polymeric interface is characterized by an eight wavenumber shift to 
higher frequencies compared to that measured on metalloporphyrin-modified surfaces 
prepared using the one-step attachment method. The more rigid ring structure in the 
polymeric architecture is consistent with coordination of porphyrin cobalt centers to 
pyridyl-nitrogen sites on the surface graft. These results demonstrate the use of GATR-
FTIR spectroscopy as a sensitive tool for characterizing porphyrin-modified surfaces with 
absorption signals that are close to the detection limits of many common spectroscopic 
techniques. 
The amplification of signal achieved via GATR-FTIR spectroscopy is due to the grazing 
angle conditions and resulting enhanced electric field. However, quantitative analysis of 
surface composition based on absolute FTIR signal intensities, which are sensitive to the 
pressure of contact between the substrate and sample mount, is limited to relative peak 
intensity analysis.4,5 
4.2 Results and Discussion  
4.2.1 Materials Preparation 
Synthesis 
The preparation of porphyrins used in this study, including cobalt(II) 5,10,15,20-
tetrakis(3-fluorophenyl)porphyrin (10), cobalt(II) 5,10,15,20-tetrakis(3-fluorophenyl)-2-
(4-vinylphenyl)porphyrin (9), cobalt(II) 5,10,15,20-tetra-p-tolylporphyrin (3), and 
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cobalt(II) 5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin (1) (Figure 4.2) were 
previously described in Chapters 2 and 3. 
Sample preparation 
The molecular surface coatings used in these studies are composed of cobalt fluoro-
porphyrin units immobilized onto gallium phosphide (GaP) substrates via two different 
methods. The first approach relies on immobilization of cobalt(II) 5,10,15,20-tetrakis(3-
fluorophenyl)porphyrin, 10, to a sample of GaP containing an initially applied thin-film 
polypyridyl coating, PVP|GaP, yielding samples of CoT3FPP|PVP|GaP (Figure 4.2, top). 
In this method, pyridyl-nitrogen sites on the PVP|GaP surface serve as molecular 
recognition units to self-assemble cobalt porphyrins along the polymeric interface. The 
second preparation method involves direct application of a cobalt fluoro-porphyrin 
complex bearing a 4-vinylphenyl surface attachment group covalently attached at a β-
position on the macrocycle, 9. 
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Figure 4.2. Schematic representation depicting the attachment methods, materials, and 
reagents used to prepare cobalt fluoro-porphyrin surface coatings on gallium phosphide 
(see main text for details). 
 
Treatment of unmodified-GaP surfaces, GaP, with solutions of this precursor, cobalt(II) 
5,10,15,20-tetrakis(3-fluorophenyl)-2-(4-vinylphenyl) porphyrin, 9, in the presence of 
UV-light yields samples of CoT3FPP|GaP (Figure 4.2, bottom). The surfaces of these 
two constructs, CoT3FPP|PVP|GaP and CoT3FPP|GaP, possess distinct IR vibrational 
modes in the range of 980–1740 cm-1, allowing structural analysis and comparison of the 
cobalt fluoro-porphyrin components in these hybrid architectures.  
These surface modification strategies leverage the UV-induced grafting chemistry of 
olefins to hydroxyl and oxygen-terminated surfaces.6-9 Modified substrates at each step of 
surface preparation and functionalization were characterized using X-ray photoelectron 
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as well as GATR-FTIR spectroscopies. More detailed description of surface modification 
processes and samples preparations are reported in Chapter 6. 
4.2.2 FTIR Characterization  
FTIR transmission spectra of the cobalt fluoro-porphyrin molecules used in this work (10 
and 9) were collected in a matrix of KBr and are shown in Figure 4.3 (blue and green 
lines, respectively). For comparisons, spectra of model non-F-containing cobalt 
porphyrins (3 and 1) are also included in Figure 4.3 (black and red lines, respectively).  
All four spectra contain similar vibrational features associated with the core porphyrin 
macrocycles, including bands that can be assigned to Cβ–H (1170–1078 cm-1), Cm–Cph 
(1265 cm-1), Cα–N and Cα–Cβ (1350–1369 cm-1), as well as Cβ–Cβ, Cα–Cm, and C=C 
(1430–1612 cm-1) vibrations.10-18 It is important to point out that the conjugated ring 
structure of these complexes likely gives rise to a high degree of vibrational coupling 
between the various metalloporphyrin modes, thus complicating descriptions of their 
normal modes. Nonetheless, unlike the transmission spectra of 3 and 1, the spectra of 10 
and 9 include strong IR absorption bands located between 1133–1178 cm-1 and 
1554– 1627 cm-1 associated with C–F bond vibrations of the 3-fluorophenyl 
substituents.19-22  
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Figure 4.3. Molecular structures of the fluorinated and non-fluorinated model 
compounds and precursors, including cobalt(II) 5,10,15,20-tetrakis(3-
fluorophenyl)porphyrin (10), cobalt(II) 5,10,15,20-tetrakis(3-fluorophenyl)-2-(4-
vinylphenyl)porphyrin (9), cobalt(II) 5,10,15,20-tetra-p-tolylporphyrin (3), and cobalt(II) 
5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin (1) used to assemble 
CoT3FPP|PVP|GaP, CoT3FPP|GaP, CoP|PVP|GaP, and CoP|GaP, respectively. (right 
panel) FTIR transmission spectra of 10 (dark blue), 9 (green), 3 (black), and 1 (red) 
collected in KBr. 
 
Further differences between these four spectra include the vibrational frequency of a 
metal-sensitive band ascribed to an in-plane cobalt porphyrin deformation, vCo-N (where v 
is the vibrational frequency). For samples 10 and 3, this mode is observed at 1007 cm-1 or 
1003 cm-1, respectively (Table 4.1).  
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Table 4.1. In-plane Cobalt Porphyrin Deformation Frequencies Measured Using Samples 
Composed of 10, 9, 3, or 1 in KBr. 
 
 
In these examples, the 3-fluorophenyl groups at the meso-positions of 10 perturb the 
vCo- N, offsetting it to higher values compared to those measured using samples of the 
non-fluorinated cobalt porphyrin analog, 3. A similar offset (ΔvCo-N) is observed when 
comparing the vCo-N values measured using samples of the fluorinated and non-
fluorinated 4-vinylphenyl containing precursors 9 and 1 (Table 4.1). However, for these 
compounds (9 and 1) the in-plane cobalt porphyrin deformation vibrational modes appear 
at slightly lower frequencies compared to the corresponding values measured using 
samples of 10 and 3, where a proton appears in place of the 4-vinylphenyl surface 
attachment moiety. 
4.2.3 GATR-FTIR Analysis  
The GATR-FTIR absorption spectrum of an HF-etched GaP surface is included in Figure 
4.4 (black), showing characteristic broad in energy oxide-related absorption bands 
assigned to OH and POx- surface functional groups10, centered at 1680 cm-1 and 1200 
cm- 1, as well as a band at 1440 cm-1 associated with the presence of adventitious carbon 
vCo-N of the molecular precursors 
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(CHx). Conversely, GATR-FTIR spectra of PVP|GaP surfaces are characterized by 
relatively strong absorption features appearing from 1400–1600 cm-1 that are assigned to 
C–N, C=N, C–H, and CH2 vibrations of the surface-attached polypyridyl chains (Figure 
4.4, blue), confirming successful attachment of the polymeric surface coating, and 
consistent with previous reports.23-26 The mode appearing at 1453 cm-1 is particularly 
diagnostic of the planar deformation vibration of CH2 groups in polymeric chains. For 
example, this mode is observed in samples of polyvinylpyridine and polystyrene but is 
not present in spectra of 4-vinylpyridine and styrene monomers.27 GATR-FTIR 
absorption spectra of CoT3FPP|PVP|GaP surfaces (Figure 4.4, dark blue) show several 
vibrational features associated with the presence of cobalt fluoro-porphyrin species, 
including modes associated with Cβ–H (1068–1174 cm-1), Cm–Cph (1263 cm-1), Cα–N and 
Cα–Cβ (1310–1378 cm-1), as well as Cβ–Cβ, Cα–Cm, and C=C (1508–1643 cm-1) 
vibrations that appear at values nearly identical to those recorded using samples of the 
associated molecular precursor 10 in KBr. In addition, several absorption features 
appearing in the 1400–1600 cm-1 region on surfaces of CoT3FPP|PVP|GaP are assigned 
to vibrational modes associated with polypyridyl units. However, contributions 
associated with porphyrin ring-based modes also appear in this spectral region, 
complicating a detailed analysis and assignment of all features. Nonetheless, the in-plane 
metalloporphyrin deformation vibrational modes, appearing between 1000–1019 cm-1, 
are exquisitely sensitive to both the elemental nature of the metal center and its local 
coordination environment.28-30 Thus, they are also sensitive to the nature of the chemical 
attachment strategies used in this report to assemble cobalt fluoro-porphyrin-modified 
GaP surfaces. 
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Figure 4.4. (a) FTIR transmission spectrum of 10 collected in KBr, included to facilitate 
comparisons, as well as (b) GATR-FTIR absorption spectra collected using samples of 
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GaP (black), PVP|GaP (blue), CoT3FPP|PVP|GaP (dark blue), and CoT3FPP|GaP 
(green). Surface vibrational modes associated with immobilized cobalt fluoro-porphyrin 
species are labeled with *. 
 
As previously reported for chemically-modified surfaces composed of non-fluorinated 
cobalt porphyrin, 3, assembled onto polypyridyl functionalized gallium phosphide 
substrates, forming CoP|PVP|GaP25, attachment of porphyrin cobalt centers to surface-
grafted pyridyl-nitrogen sites results in a change of the porphyrin’s original four-
coordinate square planar environment and a diagnostic shift of the in-plane cobalt 
porphyrin deformation vibration to higher frequencies (ΔvCo-N ~ 6 cm-1).  
For the F-containing cobalt porphyrins described in this report, coordination to the 
surface-grafted pyridyl units gives rise to a similar offset (ΔvCo-N ~ 6 cm-1) of the 
vibrational frequencies associated with the cobalt fluoro-porphyrin deformation modes 
(Tables 4.1 and 4.2).  
In addition, features arising from C–F bond vibrations are observed at 1155–1171 cm-1 
and 1585–1643 cm-1 on CoT3FPP|PVP|GaP samples, providing further evidence of 
successful intact fluoro-porphyrin incorporation on these surfaces. 
GATR-FTIR analysis of CoT3FPP|GaP samples, prepared using the direct attachment 
method, also show the presence of surface vibrational modes characteristic of cobalt 
fluoro-porphyrins, including those with frequencies ascribed to Cβ–H (1059–1080 cm-1), 
Cm–Cph (1263 cm-1), Cα–N and Cα–Cβ (1309–1400 cm-1), Cβ–Cβ, Cα–Cm, C=C 
(1431– 1612 cm-1), and C–F (1153–1167 cm-1 and 1585 cm-1) vibrations (Figure 4.4, 
green). Yet as anticipated, the vCo-N measured on surfaces of CoT3FPP|GaP samples 
appears at 1005 cm -1, a value that is unperturbed compared to the vCo-N measured using 
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samples of the non-surface immobilized fluoro-porphyrin precursor complex, 9, and eight 
wave-numbers lower in frequency than those measured on surfaces of 
CoT3FPP|PVP|GaP (Figure 4.5). 
 
Table 4.2. In-plane Cobalt Porphyrin Deformation Frequencies Measured on Surfaces of 
CoT3FPP|PVP|GaP, CoT3FPP|GaP, CoP|PVP|GaP, and CoP|GaP. 







vCo-N on molecular modified surfaces 
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Figure 4.5. GATR-FTIR absorption spectra of CoT3FPP|GaP (green) and 
CoT3FPP|PVP|GaP (dark blue) samples showing an eight wavenumbers difference in 
vibrational frequency of the in-plane metalloporphyrin deformation mode. 
 
This similarity of the in-plane cobalt porphyrin deformation vibrational frequencies 
measured on surfaces of CoT3FPP|GaP and samples of 9 is consistent with previous 
reports31 describing a non-fluorinated cobalt porphyrin-modified construct CoP|GaP, 
where the vCo-N is observed at 1001 cm-1 on surfaces of these samples and is identical to 
the vCo-N measured using samples of the non-fluorinated cobalt porphyrin precursor, 1. 
For the fluorinated porphyrin samples 10 and 9, the relatively higher frequency in-plane 
metalloporphyrin deformations compared to those measured using samples of the non-
fluorinated complexes 3 or 1 (Table 4.1), indicate a more rigid ring structure for the F-
containing congeners. 
4.2.4 XP Spectroscopy Studies 
In addition to the structural information provided by IR-spectral analysis of the cobalt 
fluoro-porphyrin-modified GaP constructs CoT3FPP|GaP and CoT3FPP|PVP|GaP, XP 
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spectroscopy confirms the presence of cobalt species on the surface and provides further 
information on the oxidation state of the metal centers (Figure 4.6). In particular, high-
energy resolution Co 2p3/2 core level spectra of CoT3FPP|GaP and CoT3FPP|PVP|GaP 
samples show a single peak centered at 781.2 eV and 781.0 eV, respectively, with a 
satellite feature at higher binding energies. These results are consistent with the presence 
of surface-immobilized cobalt species that are predominately in a +2 oxidation 
state.20,32- 34 
 
Figure 4.6. High-energy resolution core level XP spectra of the Co 2p3/2 region recorded 
using samples of CoT3FPP|GaP (green) and CoT3FPP|PVP|GaP (dark blue). 
 
4.3 Conclusions  
Hybrid materials consisting of gallium phosphide semiconductors chemically modified 
with cobalt fluoro-porphyrins were prepared via two methods: 1) coordination of fluoro-
porphyrin cobalt centers to an initially applied polymeric interface and 2) direct 
attachment of cobalt fluoro-porphyrins containing covalently attached 4-vinylphenyl 
functional groups. Structural analysis of the resulting constructs using GATR-FTIR and 
XP spectroscopies confirms the presence of intact cobalt fluoro-porphyrin species on 
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these surfaces. In addition, FTIR analysis provides a technique for measuring in-plane 
metalloporphyrin deformation vibrational frequencies, which can be used as a diagnostic 
spectroscopic handle for characterizing the binding environments of surface-immobilized 
porphyrins. In particular the frequency of the in-plane cobalt porphyrin deformation 
vibration measured on surfaces of CoT3FPP|PVP|GaP is eight wavenumbers higher than 
that measured on surfaces of CoT3FPP|GaP, indicating a more rigid ring structure in 
these assemblies that is consistent with coordination of cobalt porphyrin metallocenters to 
pyridyl-nitrogen sites on the PVP surface coating. The concepts described here highlight 
the sensitivity and non-destructive nature of GATR-FTIR as a tool for analyzing thin-film 
surface coatings and grafted molecular species, providing spectroscopic information that 
is not typically obtainable using more traditional infrared-based techniques. 
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CHAPTER 5  BINUCLEAR COPPER FUSED PORPHYRINS FOR 
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My contribution to this work has resulted in synthesis and characterization of all the 
compounds reported in this study, electrochemical as well as IR and UV-vis 
measurements, determining the thermodynamic potential of H+/H2 reaction in 
dichloromethane. 
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5.1 Introduction 
In this chapter binuclear copper porphyrins in which two copper porphyrin macrocycles 
are doubly fused at the meso-b positions are shown to be active electrocatalysts for the 
hydrogen evolution reaction (2H+ + 2e- → H2). Structural characterization, including use 
of electron paramagnetic resonance and x-ray photoelectron spectroscopies, verifies the 
fused species contains two copper(II) metal centers in its resting state. In comparison to 
the non-fused copper(II) porphyrin complex (Figure 5.1), the fused species is reduced at 
significantly less applied bias potentials (ΔE½ ~ 570 mV for the first reduction process). 
Electrochemical characterization in the presence of substrate protons confirms the 
production of hydrogen with near-unity Faradaic efficiency, and kinetic analysis shows 
the catalyst achieves a maximum turnover frequency above 2,000,000 s-1. The 
enhancement in catalytic performance over analogous non-fused copper(II) porphyrins 
indicates extended macrocycles provide a structural motif and design element for 
preparing electrocatalysts that activate small molecules consequence to renewable 
energy.  
Structural characterization of the fused bimetallic copper(II) porphyrin used in this report 
includes the use of electron paramagnetic resonance (EPR) and x-ray photoelectron (XP) 
spectroscopies, as well as Fourier-transform infrared (FTIR) and ultraviolet-visible (UV-
Vis) spectroscopies coupled with electrochemical techniques, all of which have never 
been reported for this complex. In particular, infrared spectroelectrochemistry (IR-SEC) 
is used to provide information on bonding changes following reduction of the fused 
porphyrin macrocycle, and electrochemical methods are used to study the kinetic and 
thermodynamic parameters governing catalytic performance in non-aqueous solutions 
using trifluoroacetic acid as a proton source. The latter experiments are performed at 
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solution concentrations and scan rates that allow access to pure kinetic, no substrate 
depletion conditions, i.e., where the fraction of activated catalysts at the electrode surface 
is near unity, and the substrate concentration at the electrode surface is approximately 
equal to the bulk concentration. This is commonly referred to as S-shaped wave 
conditions, alluding to the form of the resulting voltammogram.1-4 Under these 
conditions, the plateau current of the cyclic voltammogram’s S-shaped wave can be used 
to calculate an observed rate constant, which is the maximum turnover frequency of the 
catalyst. 
 
Figure 5.1. Molecular structures of (a) copper fused porphyrin, Cu2FP, and (b) non-fused 
monomeric copper porphyrin, CuP. 
 
5.2 Results and Discussion  
5.2.1 Materials Preparation 
Synthesis 
The detailed procedures of synthesizing molecular complexes used in this study that 
include the fused bicopper(II) meso-β doubly-fused 5,24-di(p-tolyl)-10,19,29,38-
tetramesitylporphyrin (Cu2FP), non-fused monomeric copper(II) porphyrin, copper(II) 
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5,10,15,20-tetra-p-tolylporphyrin (CuP), free-base meso-β doubly-fused 5,24-di(p-tolyl)-
10,19,29,38-tetramesitylporphyrin (FBFP), and free-base 5,10,15,20-tetra-p-
tolylporphyrin (TTP) are included in Chapter 6. 
5.2.2 Structural Characterization 
To better understand the resting state electronic structure of the Cu2FP used in this report, 
EPR and XP spectroscopic studies were undertaken. Figure 5.2 (red) depicts the X-band 
(9.44 GHz) EPR spectrum of CuP in dichloromethane at 30 K.  
 
  
Figure 5.2. Experimental (red or blue) and simulated (black) X-band (9.44 GHz) EPR 
spectra of (a) CuP and (b) Cu2FP collected in dichloromethane at 30 K or 40 K 
respectively. 
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The observed spectral features are consistent with the presence of a single Cu(II) 
species,5-11 i.e., a broad signal containing multiline patterns due to hyperfine coupling 
(hfc) interactions between the magnetic moment of the unpaired electron and the 
magnetic moments of neighboring nuclei, including a four-line splitting due to the hfc 
interaction with the 63Cu (I = 3/2) nucleus. 
To obtain the EPR parameters, the respective spin Hamiltonian (see Chapter 6 for more 
details) was fit to the data (Figure 5.2, black). The spectral features observed for CuP 
were well-fit considering a single Cu(II) center (S = 1/2) with a g-tensor having an axial 
pattern,12 i.e., gx = gy = g⊥ = 2.049 and gz = g∥ = 2.190, and axial hfc interactions with one 
63Cu (I = 3/2), four equivalent 14N (I = 1), and one 1H (I = 1/2). The fit parameters are 
summarized in Table 5.1. Figure 5.2 (blue) shows the X-band EPR spectrum of Cu2FP in 
dichloromethane at 40 K, displaying a multiline pattern similar to one previously 
associated with 63Cu hfc interactions corresponding to dimers of copper(II) uroporphyrin 
III molecules.6 Thus, the best fit of the EPR spectrum of Cu2FP was obtained considering 
two equivalent Cu(II) centers (S = 1/2) with rhombic g-values (gx = 2.021, gy = 2.077, 
and gz = g∥ = 2.210) and axial hfc interactions with two equivalent 63Cu (I = 3/2) nuclei 
(Figure 5.2, black, and Table 5.1). The EPR parameters obtained for CuP and Cu2FP 
provide additional details on the electronic structures of the bound Cu(II) centers, 
including differences resulting from the binding characteristics and chemical nature of 
the porphyrin ligands in these complexes. In particular, the g-tensor represents a measure 
of the integral properties of Cu(II) and its ligands. The g-tensor obtained for CuP, as 
expected, has axial symmetry with values similar to those previously reported for copper 
tetraphenylporphyrin chelates and cupric protoporphyrin IX dimethyl ester (Table 
5.1).7,10 The electron-nuclear hfc interaction also provides information on the local 
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electronic properties of the Cu(II) complex, i.e., the electron spin density distribution. In 
this case, the parameter 𝐴∥$%&represents an indirect measure of the electron spin density at 
the Cu(II) nucleus and the values of g∥ and 𝐴∥$%& obtained for CuP indicate that Cu(II) is 
coordinated to the porphyrin via four nitrogens in a square planar geometry (Table 5.1).13 
Additional supporting evidence of this geometry arises from the nine-line splitting, due to 
the hfc between the unpaired electron and four equivalent nitrogen atoms, observed in the 
EPR spectrum of CuP. By contrast, the g-tensor obtained for Cu2FP has a rhombic pattern 
and the value of 𝐴∥$%& (0.0113 cm-1) is smaller than the one measured for the monomeric 
Cu(II) porphyrin (0.0203 cm-1). The rhombic distortion of the g-values indicates the 
delocalization of the two unpaired electrons, carried by Cu2FP, extends beyond a single 
porphyrin unit of the fused complex. Furthermore, the lower value of 𝐴∥$%& obtained for 
Cu2FP shows the two unpaired electrons in the fused copper(II) porphyrins, are shared 
between the two porphyrin molecules. The line broadening of the EPR spectrum of 
Cu2FP is also considerably larger than that observed in the EPR spectrum of CuP (Figure 
5.2) and this difference in line broadening is primarily ascribed to weak exchange spin-
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Table 5.1 Parameters Used to Fit the EPR Spectra of CuP and Cu2FP Complexes at Low 
Temperature. 
 
Parameter a CuP T = 30 K Cu2FP T = 40 K 
gx 2.049 2.021 
gy 2.049 2.077 
g∥ 2.190 2.210 
g^b 2.049 2.049 
DBx (MHz) 40 280 
DBy (MHz) 40 300 
DBz (MHz) 12 304 
Ax
Cui (cm-1) < 0.0013 < 0.0100 
Ay
Cui (cm-1) < 0.0013 < 0.0100 
A∥Cui (cm-1) 0.0203 0.0113 
Ax
Nj (cm-1) 0.0017 -c 
Ay
Nj (cm-1) 0.0017 - 
A∥Nj (cm-1) 0.0014 - 
Ax
H (cm-1) < 0.0013 - 
Ax
H (cm-1) < 0.0013 - 
A∥H (cm-1) 0.0006 - 
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a The fitting parameters were the three g-values The fitting parameters were the three g-
values, gx, gy, and g∥, where g∥ is defined as gz, the three line widths ΔBx, ΔBy, and ΔBz, 
and the hfc tensor components, Ax
Cui, Ay
Cui, A∥Cui , AxNj, AyNj, A∥Nj, and AxH, AyH, A∥H; 
where A∥Cui, A∥Nj, and A∥H are defined as AzCui, AzNj, and AzH, respectively. For CuP, 
Ax
Cui, Ay
Cui, A∥Cui  and AxNj, AyNj, A∥Nj are the hfc’s of a single 63Cu and four equivalent 
14N, respectively. For Cu2FP Ax
Cui, Ay
Cui, A∥Cui are the hfc’s of two equivalent 63Cu g⊥ 
was calculated as [(gx2+ gy 2)/ 2]1/2  
c Not resolved in the spectrum.  
 
XP spectroscopic measurements, including analysis of the high-resolution copper 2p 
region, provide additional confirmation that both metal centers of the fused porphyrin are 
in the +2 oxidation state (Figure 5.3). 
 
Figure 5.3. High-energy resolution core level XP spectra of Cu 2p region recorded using 
samples of Cu2FP (blue) or CuP (red) dropcasted onto a glassy carbon disk.  
  83 
5.2.3 Electrochemical Studies 
Further information on the electronic properties of Cu2FP is obtained from 
electrochemical analysis. Cyclic voltammograms recorded at scan rates ranging from 50-
500 mV s-1 using Cu2FP dissolved in 0.1 M tetrabutylammonium hexafluorophosphate 
(TBAPF6) dichloromethane solutions show the presence of two quasi-reversible redox 
features with midpoint potentials (IE1/2 and IIE1/2) equal to -1.27 and -1.53 volts versus the 
ferrocenium/ferrocene (V vs Fc+/Fc) redox couple (Figures 5.4). These results are in stark 
contrast to those obtained using solutions of CuP in dichloromethane, where under 
otherwise similar experimental conditions a single quasi-reversible redox feature is 
observed at a potential that is significantly more negative [IE½ = -1.84 V vs Fc+/Fc, with 
shifts (ΔIE½ and ΔIIE½) of 570 and 310 mV with respect to the first or second reduction 
feature of Cu2FP, respectively] (Tables 5.2).  
 
Table 5.2 Midpoint Potentials for the Reduction and Oxidation of CuP and Cu2FP 
Complexes as Determined by Cyclic Voltammetry in Dichloromethane. 
 
Compound 
IIIE (V vs Fc+/Fc) 
IIE (DEp, mV) IE (DEp, mV) iiE (DEp, mV) iE (DEp, mV) 
Cu2FP -1.53 (105) -1.27 (102) +0.27 (69) +0.56 (77) 
CuP N/A -1.84 (92) +0.44 (90) +0.85 (96) 
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Figure 5.4. Cyclic voltammograms of Cu2FP (blue) and CuP (red) recorded in a 0.1 M 
tetrabutylammonium hexafluorophosphate dichloromethane solution using a 3 mm 
diameter glassy carbon electrode and a scan rate of 500 mV s-1 under (a) non-rotating 
conditions and 0.34 mM in porphyrin and (b) rotating (1000 RPM) conditions and 0.1 
mM in porphyrin. 
 
This difference in redox potentials between fused and monomeric porphyrin species is 
attributed to enhanced electronic delocalization resulting from the extended aromaticity 
of fused architectures.16-21 Differential pulse voltammetry experiments performed using 
equimolar concentrations of Cu2FP or CuP show the amount of charge passed for each 
reductive wave of Cu2FP and CuP are approximately equal (Figure 5.5). Given the single 
reduction feature observed for CuP can be attributed to a one-electron process, and the 
interfacial rates of electron transfer from the electrode surface to the complexes dissolved 
in solution are approximately equal, the two reduction events observed for Cu2FP are 
assigned as two separate one-electron reduction processes, i.e., Cu2FP + e- à Cu2FP1- 
and Cu2FP1- + e- à Cu2FP2-. Distinguishing ligand-based reductions from those that are 
  85 
metal-centered can be difficult, and reductive processes of metalloporphyrins have been 
ascribed to both innocent and non-innocent ligand chemistry.22-26  
 
 
Figure 5.5. Differential pulse voltammetry data recorded using Cu2FP (0.1 mM) (blue) or 
CuP (0.1 mM) (red) in a 0.1 M TBAPF6 dichloromethane solution under argon. All 
measurements were recorded using a 3 mm diameter glassy carbon working electrode at 
room temperature and the ferrocenium/ferrocene redox couple as an internal reference. 
 
5.2.4 UV-Vis-NIR-SEC and IR-SEC Measurements  
Nonetheless, the use of UV-Vis-NIR and infrared spectroelectrochemistry (UV-Vis-NIR-
SEC and IR-SEC) permits comparison of the changes in electronic and vibrational 
structure following reduction of the monomeric or fused copper(II) porphyrin 
macrocycles. The absorption spectrum of Cu2FP is significantly altered as compared to 
the spectrum of CuP (Figure 5.6).  
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Figure 5.6. Absorption spectra of (a) Cu2FP and (b) CuP recorded in dichloromethane. 
 
In general, fused porphyrins exhibit three absorption bands (I-III). For Cu2FP the band at 
421 nm (band I) corresponds to a Soret transition, occurring at an energy equivalent to 
that measured in spectra of the monomeric reference, CuP. The transitions occurring at 
557 nm (band II) can be ascribed to a red-shifted (with respect to CuP) Soret transition; 
and the band at 776 nm (band III) corresponds to a Q-band-like transition that is 
significantly red-shifted compared to the Q-band transitions observed in spectra of CuP at 
541 and 619 nm. 
UV-Vis-NIR-SEC measurements show that a one-electron reduction of Cu2FP, forming 
Cu2FP1-, results in a bathochromic shift of the three absorption bands with the new 
transitions occurring at 430, 607, and 875 nm (Figure 5.7). Further reduction to form the 
dianionic species, Cu2FP2-, results in additional bathochromic shifting of the Soret bands 
(moving to 442 nm and 615 nm), and a Q-band transition that undergoes a hypsochromic 
shift with respect to the intermediate monoanionic species (moving to 861 nm). The 
presence of well-defined isosbestic points at 377, 429, 468, 571, 675, and 819 nm during 
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the conversion of Cu2FP to Cu2FP1-, and at 439, 495, 573, and 861 nm during the 
conversion of Cu2FP1- to Cu2FP2- are consistent with stable conversion from one redox 
state to the next without the formation of intermediates or decomposition products. For 
comparison, UV-Vis-NIR-SEC data obtained using solutions of CuP are included as well 
in Figure 5.8. 
 
 
Figure 5.7. (a and b) UV−Vis-NIR absorption spectra of Cu2FP (6.5 μM) recorded in a 
0.1 M TBAPF6 benzonitrile solution polarized at potentials to generate Cu2FP (blue), 
Cu2FP1- (black), and Cu2FP2- (green). 
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Figure 5.8. UV–Vis absorption spectra of CuP (25 μM) recorded in a 0.1 M TBAPF6 
benzonitrile solution polarized at potentials to generate CuP (red) and CuP1- (dark red). 
 
IR-SEC measurements performed using dichloromethane solutions containing Cu2FP or 
CuP reveal distinct changes in the vibrational frequency characteristic of an in-plane 
porphyrin deformation (vCu-N, where v is the vibrational frequency) following reduction 
of these complexes. This mode is particularly sensitive to the nature of the porphyrin 
metal center and its local coordination environment.27-31 For the monomeric copper(II) 
porphyrin species, one-electron reduction results in a displacement of vCu-N from 1003 
cm-1 to 1009 cm-1 (Δv = 6 cm-1) (Figure 5.9).  
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Figure 5.9. FTIR absorption spectra of (c) CuP (0.4 mM) polarized at potentials to 
generate CuP (red) and CuP1- (black) as well as (d) Cu2FP (0.4 mM) polarized at 
potentials to generate Cu2FP (blue), Cu2FP1- (black), and Cu2FP2- (green) collected in a 
0.1 M TBAPF6 dichloromethane solution. 
 
By contrast, one-electron reduction of Cu2FP forming Cu2FP1-, occurs with a more 
conservative shift in vCu-N, shifting the band from 1005 cm-1 to 1007 cm-1 (Δv = 2 cm-1). 
Further reduction to form the doubly reduced species, Cu2FP2-, yields an additional 2 
cm- 1 offset of vCu-N, resulting in a vibrational frequency of 1009 cm-1, a value identical to 
that measured for the singly reduced monomeric species, CuP1- (Figure 5.9). The initial 
difference in frequency associated with the in-plane deformation vibrations measured for 
Cu2FP and CuP suggests a more rigid structure associated with the extended macrocycle, 
consistent with the relative downfield shift of the endocyclic pyrrolic N-H proton signal 
observed in the 1H NMR spectrum of the free-base fused porphyrin, FBFP, complex 
(where ΔδN-H ~ 3.5 ppm with respect to δN-H of the free-base monomeric porphyrin, TTP, 
and the shift to higher frequency is ascribed to ring current effects resulting from the rigid 
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π-extended framework imposed by the fused macrocycle architecture) (Figure 6.12). In 
the IR-SEC data, the presence of well-defined isosbestic points at 997, 1015, and 1181 
cm-1 during the conversion of Cu2FP to Cu2FP1-, and at 997, 1122, and 1159 cm-1 during 
the conversion of Cu2FP1- to Cu2FP2- are again consistent with stable conversion from one 
redox state to the next without the formation of intermediates or decomposition products. 
5.2.5 Electrocatalytic Activity for HER 
The electrocatalytic HER activity of Cu2FP was investigated using TFA as a proton 
source in solutions of dichloromethane with 0.1 M TBAPF6 as a supporting electrolyte. 
All measurements were performed using an electrochemical cell equipped with a glassy 
carbon working electrode wired in a three-electrode configuration. Voltammograms 
recorded using 0.01 mM solutions of Cu2FP in the presence of TFA at concentrations 
ranging from 16.25 mM up to 84.5 mM display an irreversible cathodic wave followed 
by a more intense catalytic feature associated with hydrogen evolution at more negative 
potentials (Figures 5.9 and 6.13). 
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Figure 5. 10. Voltammogram of 0.01 mM Cu2FP in a 0.1 M TBAPF6 dichloromethane 
solution with 65 mM TFA recorded at 600 mV s-1. All potentials are reported versus the 
HA/H2 equilibrium potential in dichloromethane, calculated using the open circuit 
potential method developed by Bullock and Roberts.32  
 
The S-shape of the voltammograms recorded at relatively high concentrations of acid (≥ 
19.5 mM TFA), and at scan rates ≥ 600 mV s-1 (Figures 5.11 and 6.14), are consistent 
with HER activity limited only by the kinetics of the catalytic reaction, as opposed to 
diffusion of substrate protons. Under these conditions, the fraction of activated catalysts 
at the electrode surface is near unity and the substrate concentration at the electrode 
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Figure 5.11. Plot of icat versus the scan rate for 0.01 mM Cu2FP in a 0.1 M TBAPF6 
dichloromethane solution with 19.5 mM TFA.  
 
Further, the plateau currents (icat) of the S-shaped catalytic waves, measured at 
concentrations of acid ranging from 19.5 mM up to 65 mM in TFA, are scan rate 
independent and proportional to the square root of the concentration of acid, indicating a 
first-order rate dependence in acid. At concentrations of TFA > 65 mM (a more than 
6500-fold excess in acid with respect to the amount of catalyst), this proportionality no 
longer holds and increasing the concentration of TFA has little to no effect on the value 
of icat, indicating a zero-order rate dependence in acid has been reached (Figure 5.12). 
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Figure 5.12. Plot of icat/ip versus the square root of the concentration of TFA. The plateau 
currents are taken from cyclic voltammograms recorded at 600 mV s-1 using 0.01 mM 
Cu2FP in a 0.1 M TBAPF6 dichloromethane solution with 19.5−84.5 mM TFA. 
 
In these experiments, the concentration of acid and catalyst is related to icat by Eq. 1: 𝑖()* = 𝑛𝐹𝐴𝐶/𝐷𝑘[𝐻4]6               Eq. 1 
where n represents the number of electrons involved in the catalytic process (in this case 
2), F is the Faraday constant, A is the electrode surface area, C is the concentration of 
catalyst, D is the diffusion coefficient for Cu2FP, k is a rate constant, and x is the order of 
the reaction with respect to the concentration of acid.1-4 Eq. 1 can be divided by the 
Randles-Sevcik equation (Eq. 2), which describes the dependence of peak current (ip) on 
the scan rate (𝑣) for a reversible redox process. In the Randles-Sevcik equation, n’ 
represents the number of electrons involved in the redox event (in this case 1). 
𝑖8 = 0.44𝑛<𝐹𝐴𝐶=>?@ABCD                  Eq. 2 
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The resulting ratio of icat/ip allows determination of the observed rate constant (kobs) (Eq. 
3 and Eq. 4) without independent measurement of the diffusion coefficient.1-4 
 
&EFG&H = >I.JJK=CD@A 𝑘[𝐻4]6                      Eq. 3 
 𝑘LMN = 𝑘[𝐻4]6 = 1.94𝑉RS𝑣(&EFG&H )V        Eq. 4 
Under the solution conditions where icat is scan rate independent and proportional to the 
square root of the TFA concentration, kobs is directly proportional to the concentration of 
TFA, per Eq. 1 and Eq. 3, and is thus first order with respect to the concentration of acid 
(Figure 5.13). (The data points used to calculate kobs are the icat/ip values from the plot of 
icat/ip versus the square root of the concentration of TFA shown in Figure 5.10. The last 
two data points, in which kobs is independent of the acid concentration are omitted. R2 = 
0.993. Slope = 4.43 x107.) 
Upon reaching conditions where icat no longer changes with respect to the concentration 
of TFA, kobs becomes zero-order with respect to the concentration of acid and has a value 
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Figure 5.13. Plot of kobs versus the concentration of TFA. The data points used to 
calculate are the icat/ip values from the plot of icat/ip versus the square root of the 
concentration of TFA shown in Figure 5.12. 
 
Following linear sweep voltammetry experiments under the conditions used to obtain the 
data shown in Figure 5.10, the glassy carbon working electrode was rinsed with 
dichloromethane to remove physisorbed Cu2FP species and placed into a fresh 65 mM 
TFA dichloromethane solution containing 0.1 M TBAPF6 and no Cu2FP. The lack of 
current above the background in the linear sweep voltammogram of the glassy carbon 
working electrode obtained under these conditions is consistent with the absence of active 
catalysts deposited onto the electrode surface (Figure 6.15). Electrolysis measurements 
conducted with and without the presence of a mercury pool also show no significant 
difference in measured current densities, consistent with the notion that catalytic 
nanoparticles subject to mercury poisoning are not formed during catalysis.33-35 
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Additionally, control electrochemical experiments conducted using a glassy carbon 
counter electrode in the place of a platinum counter electrode showed no significant 
differences in the voltammograms recorded under these conditions (Figures 6.16 and 
6.17), indicating leached platinum particles are not responsible for the HER activity 
measured using solutions of Cu2FP.36 
Limitations of the dichloromethane solvent window and the significantly negative 
potentials required to reduce CuP as compared to Cu2FP, prohibit observation of S-
shaped catalytic waves in studies using CuP as the catalyst. However, comparison of the 
potentials required to achieve an equivalent catalytic current for each compound under 
the same concentrations of catalyst (0.01 mM) and acid (16.25 mM or 32.5 mM) indicate 
the solutions of Cu2FP produce a 5 μA current at potentials 170 mV more positive of that 
measured using the solutions of CuP (Figures 5.14 a and 6.18).  
 
 
Figure 5.14. Voltammograms of (a) 0.01 mM Cu2FP (blue) and 0.01 mM CuP (red) as 
well as (b) 0.01 mM (blue) and 0.1 mM (dark blue) Cu2FP recorded in a 0.1 M TBAPF6 
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dichloromethane solution using a 1 mm diameter glassy carbon electrode and a scan rate 
of 100 mV s-1 in the presence of 16.25 (solid) or 32.5 (dash) mM TFA. 
 
Since Cu2FP consists of two monomeric copper porphyrins fused together, we also 
compared the potentials required to achieve an equivalent catalytic current for each 
compound when using 0.02 mM CuP versus 0.01 mM Cu2FP solutions. In the presence 
of 16.25 mM or 32.5 mM TFA the solutions of Cu2FP produce a 5 μA current at 
potentials 140 mV and 160 mV more positive of the higher concentration solutions of 
CuP, respectively (Figure 6.19 and 6.20). 
Finally, we note that the peak current of the irreversible cathodic wave occurring at less 
negative potentials using 0.01 mM solutions of Cu2FP containing TFA is greater than the 
peak current of the first redox wave recorded in the absence of acid (Figure 5.15). This 
observation is consistent with catalytic activity occurring at potentials positive of those 
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Figure 5.15. Voltammograms of 0.01 mM Cu2FP recorded in a 0.1 M TBAPF6 
dichloromethane solution at a scan rate of 100 mV s-1 with either 0 mM (black solid), 
16.25 mM (blue solid), or 32.5 mM (blue dashed) mM TFA. 
 
The activity at these lower potentials is also more pronounced in voltammograms 
recorded using higher concentrations of Cu2FP, which may indicate the existence of a 
homolytic pathway (Figures 5.14 b).37 Comparison of voltammograms recorded using 
Cu2FP and CuP at this higher concentration (0.1 mM) and in the presence of 16.25 mM 
or 32.5 mM TFA indicates the Cu2FP species achieves a 5 μA current at potentials 330 
mV and 380 mV more positive of that measured using the solutions of CuP, respectively 
(Figure 6.21). 
A kinetic analysis of the Cu2FP data recorded at higher concentrations of catalyst is not 
presented in this study, as interpretations are complicated by the notion that separate HER 
pathways could be contributing to hydrogen production. Likewise, obtaining S-shaped 
wave conditions required for the analysis used in this report is disfavored at higher 
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concentrations of catalyst,1-4 where the local substrate concentration at the electrode can 
vary from the concentration of the bulk. All kinetic analysis presented in this report thus 
pertains to data collected using 0.01 mM solutions of Cu2FP. 
5.2.6 Hydrogen Detection via Rotating Ring-Disk  
Generation of hydrogen was confirmed using rotating ring-disk electrode (RRDE) 
analysis (Figures 5.16). These experiments provide in operando monitoring of product 
formation under experimental conditions relevant to those used in this report. This can be 
especially useful in the study of homogeneous catalysis when on longer time-scales, 
fouling of the electrode or catalyst decomposition during prolonged bulk electrolysis can 
complicate interpretation of results. In this study, RRDE measurements were performed 
using either a 0.01 mM or a 0.1 mM solution of Cu2FP in a 0.1 M TBAPF6 
dichloromethane solution (see Chapter 6 for details).  
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Figures 5.16. Rotating ring-disk measurements (100 mV s-1) of hydrogen evolution using 
0.01 mM of Cu2FP in a dichloromethane solution with 0.1 M TBAPF6 electrolyte and 2.6 
mM TFA at a glassy carbon electrode. (Top) GC disk potential. (Middle) GC disk 
current. (Bottom) Pt-ring current (the Pt ring was held at 0.79 V vs Fc+/Fc). 
 
The addition of TFA (2.6 mM) confirms that hydrogen can be generated and detected at a 
concentric platinum ring polarized at 0.79 V vs Fc+/Fc. In these experiments, the Faradaic 
efficiency was measured from the ring current collected while the disk electrode was held 
at a current density of approximately 0.5 mA cm-2. Under these conditions, the Faradaic 
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efficiency of Cu2FP, ε, is proportional to the ratio of the ring to the disk current, as shown 
in Eq. 5:38 𝜀 = &X&YZ                                          Eq. 5  
In this equation ir is the measured ring current, id is the disk current, and N is the 
collection efficiency of the RRDE assembly. The collection efficiency was independently 
determined to be N = 22.1 (±0.4)% yielding a Faradaic efficiency of 88 (±4)% and 90 
(±6)% for experiments recorded using either a 0.01 or 0.1 mM solution of Cu2FP, 
respectively. 
5.2.7 Acid Stability 
The stability of Cu2FP in solutions of TFA (up to a 7000-fold excess in acid) in 
dichloromethane and benzonitrile was monitored via UV-Vis-NIR spectroscopy over the 
course of 4 h (Figure 5.17).  
 
 
Figures 5.17. Absorption spectra of Cu2FP (12.5 µM) recorded in (a) dichloromethane or 
(b) benzonitrile in the absence (blue) or presence (black) of TFA (87.5 mM) after 4 h.  
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These results indicate the fused porphyrin metal centers remain intact under the 
conditions studied, showing no detectable signals associated with demetallated species 
(see Chapter 6 for details). In addition, mass spectrometry analysis of solutions of Cu2FP 
containing a 7000-fold excess of TFA also show no indication of a demetallated species, 
or other degradation products (Figure 6.22). Instead a single isotopic cluster is observed 
with mass to charge ratios anticipated for intact Cu2FP. 
5.3 Conclusions  
Fused bimetallic copper porphyrins are shown to be highly active HER catalysts. In 
comparison with the non-fused copper porphyrin monomeric complex, the fused ligand 
scaffold permits access to reduced species at significantly less negative applied bias 
potentials (ΔE½ of ~ 570 mV for the first reduction process), offering an alternative 
strategy, compared to the use of electron-withdrawing functional groups, to adjust redox 
properties of a molecular catalyst for fuel production. Kinetic analysis of the fused 
bimetallic Cu(II) porphyrin complex under pure kinetic conditions in organic solvents 
using TFA as a proton source yields an observed rate constant above 2,000,000 s-1. This 
global rate constant is among the highest reported in the literature. Consistent with the 
ease of reduction over the analogous non-fused copper porphyrin, the fused bimetallic 
copper porphyrin also shows significant improvement in the overpotential required to 
achieve a given turnover frequency. Although activation of the complex requires a 
substantial bias [half-wave potential (Ecat/2) = -1.80 V vs HA/H2], the favorable catalytic 
properties of the fused porphyrin architecture, over those of the analogous non-fused 
porphyrin, demonstrate the promise of extended macrocycles as a design element and 
structural motif for preparing electrocatalysts. The enhanced activity and improved 
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catalytic parameters of the binuclear copper fused porphyrin architecture indicate a 
promising avenue for catalyst design, warranting further analysis. 
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6.1 General Experimental Methods  
UV-Vis  
Ultraviolet−visible (UV−Vis) optical spectra were recorded on a Shimadzu SolidSpec-
3700 spectrometer with a D2 (deuterium) lamp for the ultraviolet range and a WI 
(halogen) lamp for the visible and near-infrared. Transmission and reflectance 
measurements were performed with an integrating sphere. 
Mass Spectra 
Mass spectra of all compounds were obtained with Voyager DE STR matrix-assisted 
laser desorption/ionization time-of-flight spectrometer (MALDI-TOF) mass spectrometer 
in positive ion mode employing a trans, trans–1,4–diphenyl–1,3–butadiene matrix (unless 
otherwise noted). The reported mass is for the most abundant isotopic ratio observed 
(obsd.). To facilitate comparison, calculated values of the anticipated most abundant 
isotopic ratio (calcd.) are listed before the experimental result.  
NMR  
Nuclear magnetic resonance (NMR) spectra were recorded on a Varian NMR 
spectrometer operating at 400 MHz. Unless otherwise stated, all spectra were collected at 
room temperature. 
FTIR  
Grazing angle attenuated total reflection Fourier transform infrared (GATR-FTIR) 
spectroscopy was performed using a VariGATR accessory (Harrick Scientific) with a Ge 
crystal plate installed in a Bruker Vertex 70. A minimum of two individual wafers were 
tested for each sample. Samples were pressed against the Ge crystal to ensure effective 
optical coupling. Spectra (256 scans) were collected under a dry nitrogen purge with a 4 
cm−1 resolution, GloBar MIR source, a broadband KBr beamsplitter, and a liquid 
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nitrogen cooled MCT detector. Background measurements (256 scans) were obtained 
from the bare Ge crystal and the data were processed using OPUS software. GATR-FTIR 
measurements were baseline corrected for rubberband scattering. Spectra of model 
compounds in pressed KBr pellets were acquired with the same settings but using 
transmission mode. 
XPS  
X-ray photoelectron (XP) spectroscopy was performed using a monochromatized Al Kα 
source (hν = 1486.6 eV), operated at 63 W, on a Kratos system at a takeoff angle of 0° 
relative to the surface normal and a pass energy for narrow scan spectra of 20 eV at an 
instrument resolution of approximately 700 meV. Survey spectra (40 scans) were 
collected with a pass energy of 150 eV. A minimum of two wafers were analyzed for 
each sample. Spectral fitting was performed using Casa XPS analysis software and all 
spectra were calibrated by adjusting C 1s core level position to 284.8 eV. Curves were fit 
with quasi-Voigt lines following Shirley background subtraction.  
6.2 Experimental Procedures for Chapter 2 
Materials 
All compounds were synthesized from commercially available starting materials 
Chloroform, BF3(OEt)2, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, triethylamine, 
pyridine, N-bromosuccinamide, tetrakis(triphenylphosphine)palladium(0), sodium 
sulfate, cobalt (II) acetate were purchased from Aldrich. Solvents were obtained from 
Aldrich or Mallinckrodt. Dichloromethane, hexanes, toluene and p-tolyl aldehyde were 
freshly distilled before use. Milli-Q water (18.2 MΩ·cm) was used to prepare all aqueous 
solutions. The synthetic scheme used to prepare the target compounds is shown in Figure 
6.1. 
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GaP(100) wafers 
Single crystalline p-type gallium phosphide wafers were purchased from University 
Wafers. The material is single side polished to an epi-ready finish. The p-type Zn-doped 
GaP(100) wafers have a resistivity of 0.2 Ω·cm, a mobility of 66 cm2 V-1 s-1, and a carrier 
concentration of 4.7 x 1017 cm-3, with an etch pit density of less than 8 x 104 cm-2. 
 
 
Figure 6.1. Synthetic scheme used to prepare 1 or 2 where (a) BF3(OEt)2, CHCl3, DDQ, 
Ar; (b) NBS, CHCl3, Ar, reflux; (c) 4-VPBA, K2CO3, Pd(Ph3)4, reflux; (d) Co(Ace)2*4H2O 
or Fe(Cl)3*3H2O, DMF, reflux. 
 
 
5,10,15,20-tetra p-tolylporphyrin (TTP). A similar method was previously reported.1 A 
solution of 5-(4-methylphenyl)dipyrromethane (880 mg, 6 mmol) and p-tolyl aldehyde 
(890 mL, 6 mmol) in chloroform (600 mL) was purged for 15 min with argon before 
adding BF3(OEt)2 (33 µL of 2.5 M stock solution in chloroform, 3.3 mM). After stirring 
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for 12 h, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (2.04 g, 9 mmol) was added 
and the mixture was stirred for an additional 3 h before adding 7.5 mL of triethylamine. 
The mixture was filtered through an alumina pad and the solvent was evaporated at 
reduced pressure. The crude product was purified by column chromatography on silica 
using a mixture of 2:1 chloroform and hexanes as the eluent to yield the desired product 
(45%). 1H NMR (400 MHz, CDCl3): δ –2.77 (2H, s, NH), 2.70 (12H, s, CH3), 7.55 (8H, 
d, J = 7.8 Hz, ArH), 8.09 (8H, d, J = 7.8 Hz, ArH) 8.85 (8H, s, βH); MALDI-TOF-MS 




β-bromo-5,10,15,20-tetra-p-tolylporphyrin. A similar method was previously 
reported.2 5,10,15,20-tetra-p-tolylporphyrin (120 mg, 0.179 mmol) and pyridine (2 mL) 
were dissolved in chloroform (120 mL) and the solution was stirred and heated to reflux. 
After 15 min, a solution of N-bromosuccinamide (64 mg, 0.358 mmol, dissolved in 30 
mL chloroform) was added dropwise over 45 min to the refluxing mixture. The reaction 
mixture was quenched with acetone (20 mL), and the solvent evaporated at reduced 
pressure. The crude residue was purified by column chromatography on silica using a 
mixture of 1:1 cyclohexanes and chloroform as the eluent to give the desired product 
(45%). 1H NMR (400 MHz, CDCl3): δ –2.85 (2H, s, NH), 2.70 (12H, s, CH3), 7.58-7.50 
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(8H, m, ArH), 7.95 (2H,d, J = 7.8 Hz, ArH), 8.10 (2H, d, J = 7.8 Hz, ArH) 8.10 (2H, d, J 
= 7.5 Hz, ArH), 8.10 (2H, d, J = 7.3 Hz, ArH), 8.93-8.74 (7H, m, βH); MALDI-TOF-MS 
m/z. calcd. for C48H37BrN4 748.22 (750.22), obsd. 750.64 (748.65); UV-Vis (Toluene) 
422, 519, 554, 595, 651 nm. 
 
 
5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin (5). 4-vinylphenylboronic acid (4-
VPBA) (89 mg, 0.6 mmol), potassium carbonate (138 mg, 1.2 mmol) and 
tetrakis(triphenylphosphine)palladium(0) (16 mg, 0.012 mmol) were added to a solution 
containing β-bromo-5,10,15,20-tetra-p-tolylporphyrin (90 mg, 0.12 mmol) dissolved in 
toluene (35 mL) and under an argon atmosphere. The reaction mixture was heated to 
reflux and the progress of the reaction was monitored via thin-layer chromatography 
(TLC). The reaction was stopped following consumption of the porphyrin staring 
material (~3-5 h) and the mixture was washed with a saturated solution of aqueous 
sodium bicarbonate then a saturated solution of aqueous sodium chloride. The organic 
phase was dried over sodium sulfate, filtered, and the solvent evaporated at reduced 
pressure. The residue was purified by column chromatography on silica using a mixture 
of 1:1 dichloromethane and hexanes as the eluent to yield the desired product (68%). 1H 
NMR (400 MHz, CDCl3) δ –2.63 (2H, s, NH), 2.38 (3H, s, CH3), 2.67 (3H, s, CH3), 2.70 
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(6H, s, CH3), 5.25 (1H, d, J = 11.1 Hz, CH), 5.78 (1H, d, J = 17.7 Hz, CH), 6.76 (1H, dd, 
J = 17.6 Hz, J = 10.87 Hz, CH), 7.01 (2H, d, J = 7.7 Hz, ArH), 7.18 (2H, d, J = 8.1 Hz, 
ArH), 7.25 (2H, d, J = 7.9 Hz, ArH), 7.51 (2H, d, J = 7.8 Hz, ArH), 7.54 (2H, d, J = 7.6 
Hz, ArH), 7.56 (2H, d, J = 7.6 Hz, ArH), 7.73 (2H, d, J = 7.9 Hz, ArH), 8.09 (2H, d, J = 
7.8 Hz, ArH), 8.10 (2H, d, J = 7.8 Hz, ArH), 8.10 (2H, d, J = 7.8 Hz, ArH), 8.87-8.74 
(7H, m, βH); MALDI-TOF-MS m/z. calcd. for C56H44N4 772.36, obsd. 772.42. UV-Vis 
(Toluene) 424, 520, 554, 597, 653 nm. 
 
 
Cobalt(II) 5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin (1). A mixture 
containing 5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin (23 mg, 0.03 mmol) and 
cobalt (II) acetate (53 mg, 0.3 mmol) in dimethylformamide (35 mL) was stirred at reflux 
for 20 min. Upon cooling, the solvent was removed at reduced pressure. The residue was 
purified by column chromatography on alumina using dichloromethane as eluent. 
Recrystallization from dichloromethane/methanol gave the target compound (98%). UV-
Vis (Toluene) 421, 535 nm; MALDI-TOF-MS m/z. calcd. for C56H42CoN4 829.27, obsd. 
829.15. 
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Iron(III) 5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin chloride (2). 5,10,15,20-
tetra-p-tolyl-2-(4-vinylphenyl)porphyrin (32 mg, 0.04 mmol) was dissolved in 
dimethylformamide (18 mL) and the mixture was stirred and heated to reflux . Upon 
reaching reflux, FeCl2*4H2O (49 mg, 0.25 mmol) was added to the solution in three 
approximately equivalent portions over 30 min. Upon cooling, the solvent was 
evaporated at reduced pressure and the brown residue was purified on alumina column 
using dichloromethane as eluent. The green colored fractions obtained from 
chromatography were concentrated and washed with an aqueous 6M HCl solution. The 
organic solvent was removed under reduced pressure and the brown residue was 
recrystallized from methanol to give the target compound (98%). UV-Vis (Toluene) 423, 
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Cobalt(II) 5,10,15,20-tetra-p-tolylporphyrin (3). A similar method was previously 
reported.3 5,10,15,20-tetra-p-tolylporphyrin (25 mg, 0.03 mmol) and a solution of cobalt 
(II) acetate (53 mg, 0.3 mmol) were dissolved in dimethylformamide (35 mL) and 
brought to reflux. The mixture was refluxed for 20 min before evaporating the solvent at 
reduced pressure. The product was purified on an alumina column using dichloromethane 
as eluent and recrystallized from dichloromethane/methanol to give a desired product 
(98%). UV-Vis (Toluene) 416, 530 nm. 
 
 
Iron(III) 5,10,15,20-tetra-p-tolylporphyrin chloride (4). A similar method was 
previously reported.4 5,10,15,20-tetra-p-tolylporphyrin (35 mg, 0.04 mmol) was 
dissolved in dimethylformamide (18 mL) and the mixture was stirred and heated to 
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reflux. Upon reaching reflux, FeCl2*4H2O (49 mg, 0.25 mmol) was added to the solution 
in approximately three equivalent portions over 30 min. Upon cooling, the solvent was 
evaporated at reduced pressure and the brown residue was purified on an alumina column 
using dichloromethane as eluent. The green colored fractions obtained from 
chromatography were concentrated and washed with an aqueous 6M HCl solution. The 
organic solvent was removed under reduced pressure and the brown residue was 
recrystallized from methanol to give the target compound (98%). UV-Vis (Toluene) 421, 










  116 
 
Figure 6.2. 400 MHZ 1H NMR spectrum of 5,10,15,20-tetra-p-tolylporphyrinrecorded in 
chloroform-d. 1H NMR (400 MHz, CDCl3): δ –2.77 (2H, s, NH), 2.70 (12H, s, CH3), 
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Figure 6.3. 400 MHZ 1H NMR spectrum of β-bromo-5,10,15,20-tetra-p-tolylporphyrin 
recorded in chloroform-d. 1H NMR (400 MHz, CDCl3): δ –2.85 (2H, s, NH), 2.70 (12H, 
s, CH3), 7.58-7.50 (8H, m, ArH), 7.95 (2H,d, J = 7.8 Hz, ArH), 8.10 (2H, d, J = 7.8 Hz, 
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Figure 6.4. 400 MHZ 1H NMR spectrum of 5,10,15,20-tetra-p-tolyl-2-(4-
vinylphenyl)porphyrin recorded in chloroform-d. 1H NMR (400 MHz, CDCl3) δ –2.63 
(2H, s, NH), 2.38 (3H, s, CH3), 2.67 (3H, s, CH3), 2.70 (6H, s, CH3), 5.25 (1H, d, J = 
11.1 Hz, CH), 5.78 (1H, d, J = 17.7 Hz, CH), 6.76 (1H, dd, J = 17.6 Hz, J = 10.87 Hz, 
CH), 7.01 (2H, d, J = 7.7 Hz, ArH), 7.18 (2H, d, J = 8.1 Hz, ArH), 7.25 (2H, d, J = 7.9 
Hz, ArH), 7.51 (2H, d, J = 7.8 Hz, ArH), 7.54 (2H, d, J = 7.6 Hz, ArH), 7.56 (2H, d, J = 
7.6 Hz, ArH), 7.73 (2H, d, J = 7.9 Hz, ArH), 8.09 (2H, d, J = 7.8 Hz, ArH), 8.10 (2H, d, J 
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Figure 6.5. 400 MHZ 1H NMR spectra (black) with overlaid gCOSY (aromatic region) 
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Figure 6.6. (left) Absorption spectra of 5,10,15,20-tetra-p-tolyl-2-(4-
vinylphenyl)porphyrin recorded in toluene showing the Soret band normalized to 1 
(solid) and the highest energy Q-band normalized to 0.5 (dashed). (right) Normalized 
absorbance spectra showing the lowest energy Q-bands of the model compound 
5,10,15,20-tetra-p-tolylporphyrin (dashed) and 5,10,15,20-tetra-p-tolyl-2-(4-
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Figure 6.7. (left) Absorbance spectra of 1 recorded in toluene showing the Soret band 
normalized to 1 (solid) and the highest energy Q-band normalized to 0.5 (dashed). (right) 
Normalized absorbance spectra showing the lowest energy Q-bands of the model 
compound 3 (dashed) and 1 (solid) are included for comparison. 
 
 
Figure 6.8. (left) Absorbance spectra of 2 recorded in toluene showing the Soret band 
normalized to 1 (solid) and the highest energy Q-band normalized to 0.5 (dashed). (right) 
Normalized absorbance spectra showing the lowest energy Q-bands of the model 
compound 4 (dashed) and 2 (solid) are included for comparison. 
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GATR-FTIR 
Grazing angle attenuated total reflection Fourier transform infrared spectroscopy (GATR-
FTIR) was performed using a VariGATR accessory (Harrick Scientific) with a Ge crystal 
plate installed in a Bruker Vertex 70. A minimum of 4 individual wafers were tested for 
each sample. Samples were pressed against the Ge crystal to ensure effective optical 
coupling. Spectra were collected under a dry nitrogen purge with a 4 cm-1 resolution, 
GloBar MIR source, a broadband KBr beamsplitter, and a liquid nitrogen cooled MCT 
detector. Background measurements were obtained from the bare Ge crystal and the data 
were processed using OPUS software. Spectra from model compounds in pressed KBr 
pellets were acquired with the same settings but using transmission mode. GATR 
measurements were baseline corrected for rubberband scattering. 
ICP-MS 
Inductively coupled plasma mass spectroscopy (ICP-MS) was performed on a Thermo-
Finnigan Neptune ICP-MS. The samples were run in kinetic-energy discrimination 
(KED) mode. The ICP-MS samples were prepared by immersing a CoP|GaP wafer into 
1000 μL of concentrated Omni trace H2SO4 solution and heating the solution at 60 oC for 
20 min, followed by sonicating the solution for 1 h. The solution was then diluted to 0.5 
M H2SO4 by taking 108 μL of the 1000 μL solution and diluting to 4000 μL. Three 
different wafers of CoP|GaP were analyzed. Unfunctionalized GaP substrates were 
analyzed as controls. The trace amounts of cobalt in these controls were averaged and 
subtracted from the CoP|GaP cobalt concentrations. 
Electrochemical Measurements 
Cyclic voltammetry was performed with a Biologic potentiostat using a glassy carbon (3 
mm diameter) disk, a platinum counter electrode, and a silver wire pseudoreference 
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electrode in a conventional three-electrode cell at a scan rate of 250 mV s-1. Anhydrous 
dimethylformamide or butyronitrile (Aldrich) was used as the solvent for electrochemical 
measurements. The supporting electrolyte was 0.1 M tetrabutylammonium 
hexafluorophosphate. The solution was sparged with argon. The working electrode was 
cleaned between experiments by polishing with alumina (50 nm diameter) slurry, 
followed by solvent rinses. 
Photoelectrochemical Studies 
Photoelectrochemical (PEC) measurements were performed using 100 mW cm-2 
illumination from a 100 W Oriel Solar Simulator equipped with an AM1.5 filter. Linear 
sweep voltammetry and three-electrode electrolysis (chronoamperometry) were 
performed with a Biologic potentiostat using a platinum coil counter electrode, a 
Ag/AgCl, NaCl (3 M) reference electrode (0.21 V vs NHE), and GaP working electrodes 
(including GaP following buffered HF treatment, cobalt porphyrin-modified GaP, and 
iron porphyrin-modified GaP) in a modified cell containing a quartz window. A 
minimum of four individual wafers were tested for each sample. The supporting 
electrolyte was 0.1 M phosphate buffer (pH 7). Linear sweep voltammograms were 
recorded at sweep rates of 100 mV s-1 under a continuous flow of 5% hydrogen in 
nitrogen. Open-circuit photovoltages were determined by the zero current value in the 
linear sweep voltammograms. Chronoamperometry was performed with the working 
electrode polarized at 0 V vs RHE, where E vs RHE = E vs NHE + 0.05916 V x pH = E 
vs Ag/AgCl + 0.05916 V x pH + 0.21 V. 
Product Detection  
Gas analysis was performed via gas chromatography (GC) using an Agilent 490 Micro 
GC equipped with a 5 Å MolSieve column at a temperature of 80 °C and argon as the 
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carrier gas. Gas samples were syringe injected using 5 mL aliquots of headspace gas 
collected with a gas-tight Hamilton syringe from a sealed PEC cell both prior to and 
following 30 min of three-electrode photoelectrolysis using a cobalt porphyrin-modified 
working electrode polarized at 0 V vs RHE or following 6 min of three-electrode 
photoelectrolysis using an iron porphyrin-modified working electrode polarized at 0 V vs 
RHE. Prior to the experiment the cell was purged for 30 min with argon before sealing. 
The retention time of hydrogen was confirmed using a known source of hydrogen 
obtained from a standard lecture bottle containing a hydrogen and argon mixture. In 
Figure 2.13, the relative signal intensity is based on the ratio of total hydrogen molecules 
produced to half the number of net electrons passed from the counter to the working 
electrode. Thus, the signal areas are representative of the relative Faradaic efficiencies for 
hydrogen production. 
6.3 Experimental Procedures for Chapter 3 
Materials 
All reagents and solvents including N-bromosuccinamide, acetone, 4-vinylphenyl boronic 
acid, potassium carbonate, tetrakis(triphenylphosphine)palladium(0), cobalt(II) acetate 
were purchased from Aldrich. Dichloromethane, methanol, hexanes, dimethylformamide 
and toluene were freshly distilled before use. Reactions were performed under argon 




  125 
 
2-bromo-5,10,15,20-tetrakis(3-fluorophenyl) porphyrin (7). 5,10,15,20-tetrakis(3-
fluorophenyl) porphyrin (80 mg, 0.12 mmol) was dissolved in a mixture of 
dichloromethane and methanol (9/1, v/v, 20 mL) and the solution was stirred and heated 
to reflux. After 25 min, a solution of N-bromosuccinamide (23 mg, 1.28 mmol, dissolved 
in 20 mL of a mixture of dichloromethane and methanol (9/1, v/v) was added dropwise 
over 35 min to the refluxing mixture. The reaction was quenched with acetone (10 mL), 
and the solvent evaporated at reduced pressure. The crude residue was purified by 
column chromatography on silica using a mixture of 3:2 hexanes and chloroform as the 
eluent to give the desired product (45%). 1H NMR (400 MHz, CDCl3): δ –2.94 (2H, s, 
NH), 7.47–7.57 (4H, m, ArH), 7.64–7.76 (4H, m, ArH), 7.78–8.01 (8H, m, ArH), 8.75–
8.95 (7H, m, βH); UV-Vis (CH2Cl2) 419, 515, 548, 590, 645 nm; MALDI-TOF-MS m/z 
calcd. for C44H25BrF4N4 764.12 and 766.12 obsd. 763.83 and 765.89. 
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5,10,15,20-tetrakis(3-fluorophenyl)-2-(4-vinylphenyl) porphyrin (8). 4-vinylphenyl 
boronic acid (4-VPBA) (71 mg, 0.5 mmol), potassium carbonate (133 mg, 1 mmol) and 
tetrakis(triphenylphosphine)palladium(0) (11 mg, 0.01 mmol) were added to a solution 
containing 2-bromo-5,10,15,20-tetrakis(3-fluorophenyl)porphyrin (73 mg, 0.1 mmol) 
dissolved in toluene (25 mL) under an argon atmosphere. The reaction was heated to 
reflux and the progress of the reaction was monitored via thin-layer chromatography. The 
reaction was stopped following consumption of the porphyrin starting material (4 h) and 
the mixture was washed with a saturated solution of aqueous sodium bicarbonate then a 
saturated solution of aqueous sodium chloride. The organic phase was dried over sodium 
sulfate, filtered, and the solvent evaporated at reduced pressure. The residue was purified 
by column chromatography on silica using a mixture of 1:1 dichloromethane and hexanes 
as the eluent to yield the desired product (58%). 1H NMR (400 MHz, CDCl3): δ –2.72 
(2H, s, NH), 5.30 (1H, d, J = 12 Hz, CH), 5.78 (1H, d, J = 20 Hz, CH), 6.76 (1H, dd, J = 
20 Hz, J = 12 Hz, CH) 7.02 (1H, td, J = 8 Hz, J = 2 Hz, ArH), 7.20 (1H, q, ArH), 7.26 
(2H, d, J = 8 Hz, ArH), 7.33 (2H, d, J = 8 Hz, ArH), 7.44–7.62 (4H, m, ArH), 7.64–7.77 
(4H, m, ArH), 7.90–8.04 (6H, m, ArH), 8.69–8.90 (7H, m, βH);  
UV-Vis (CH2Cl2) 419, 516, 550, 591, 647 nm; MALDI-TOF-MS m/z calcd. for 
C52H32F4N4 788.26 obsd. 788.00. 
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Cobalt(II) 5,10,15,20-tetrakis(3-fluorophenyl)-2-(4- vinylphenyl)porphyrin (9). A 
mixture containing 5,10,15,20-tetrakis(3-fluorophenyl)-2-(4-vinylphenyl) porphyrin (15 
mg, 0.02 mmol) and cobalt(II) acetate (34 mg, 0.2 mmol) in dimethylformamide (23 mL) 
was stirred at reflux for 20 min. Upon cooling, the mixture was washed with a saturated 
solution of aqueous sodium bicarbonate then a saturated solution of aqueous sodium 
chloride and extracted with dichloromethane. The organic phase was dried over sodium 
sulfate, filtered, and the solvent evaporated at reduced pressure. The residue was purified 
by column chromatography on alumina using dichloromethane as eluent to give the 
desired product (98%). UV-Vis (CH2Cl2) 412, 532 nm; MALDI-TOF-MS m/z calcd. for 
C52H30CoF4N4 845.17 obsd. 844.96; EPR (CH2Cl2): (gx = 2.081, gy = 2.020, gz = 1.966). 
FTIR (KBr): 936, 955, 1004, 1077, 1111, 1151, 1168, 1185, 1200, 1264, 1304, 1330, 
1347, 1401, 1430, 1444, 1480, 1583, 1610 cm–1. 
  128 
 
 
Cobalt(II) 5,10,15,20-tetrakis(3-fluorophenyl)porphyrin (10). A mixture containing 
5,10,15,20-tetrakis(3-fluorophenyl) porphyrin (50 mg, 0.073 mmol) and cobalt(II) acetate 
(129 mg, 0.73 mmol) in dimethylformamide (70 mL) was stirred at reflux for 20 min. 
Upon cooling, the mixture was washed with a saturated solution of aqueous sodium 
bicarbonate then with a saturated solution of aqueous sodium chloride and extracted with 
dichloromethane. The organic phase was dried over sodium sulfate, filtered, and the 
solvent evaporated at reduced pressure. The residue was purified by column 
chromatography on alumina using dichloromethane as eluent. Recrystallization from 
dichloromethane/hexanes gave the target compound (96%). UV-Vis (CH2Cl2) 408, 527 




  129 
 
Figure 6.9. 400 MHZ 1H NMR spectrum of 2-bromo-5,10,15,20-tetrakis(3-fluorophenyl) 
porphyrin (7) recorded in chloroform-d. 1H NMR (400 MHz, CDCl3): δ –2.94 (2H, s, 
NH), 7.47–7.57 (4H, m, ArH), 7.64–7.76 (4H, m, ArH), 7.78–8.01 (8H, m, ArH), 8.75–
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Figure 6.10. 400 MHZ 1H NMR spectrum of 5,10,15,20-tetrakis(3-fluorophenyl)-2-(4-
vinylphenyl) porphyrin (8) recorded in chloroform-d. 1H NMR (400 MHz, CDCl3): δ –
2.72 (2H, s, NH), 5.30 (1H, d, J = 12 Hz, CH), 5.78 (1H, d, J = 20 Hz, CH), 6.76 (1H, dd, 
J = 20 Hz, J = 12 Hz, CH) 7.02 (1H, td, J = 8 Hz, J = 2 Hz, ArH), 7.20 (1H, q, ArH), 
7.26 (2H, d, J = 8 Hz, ArH), 7.33 (2H, d, J = 8 Hz, ArH), 7.44–7.62 (4H, m, ArH), 7.64–
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NMR 
1H, 13C, and 19F nuclear magnetic resonance spectra were recorded on a Varian NMR 
spectrometer operating at 400 MHz at room temperature. All 1H and 13C NMR chemical 
shifts (ppm) are reported relative to Si(CH3)4 as an internal standard. 19F data are reported 
relative to C6H5CF3 (–63.77 ppm).  
Electrochemical Analysis 
Cyclic voltammetry measurements were performed with a Biologic potentiostat using a 
glassy carbon (3 mm diameter) disk, a platinum counter electrode, and a silver wire 
pseudo-reference electrode in a conventional three-electrode cell at a scan rate of 500 mV 
s-1 at room temperature under argon. Anhydrous n-butyronitrile (Aldrich) was used as the 
solvent for electrochemical measurements. The supporting electrolyte was 0.1 M 
tetrabutylammonium hexafluorophosphate. The potential of the pseudo reference 
electrode was determined using the ferrocenium/ferrocene redox couple as an internal 
standard with E1/2 taken as 0.48 V vs SCE.5 
EPR 
Electron paramagnetic resonance (EPR) studies were performed at the EPR Facility of 
Arizona State University. Continuous wave EPR spectra were recorded using an 
ELEXSYS E580 CW X-band spectrometer (Bruker, Rheinstetten, Germany) equipped 
with a Model 900 EPL liquid helium cryostat. For the measurements of 9, the magnetic 
field modulation frequency was 100 kHz, the amplitude was 1 mT, the microwave power 
was 0.25 mW, the microwave frequency was 9.44 GHz, the sweep time was 84 s, and the 
temperature was 4 K. The EPR spectrum was simulated using EasySpin (version 5.1.10), 
a computational package developed by Stoll and Schweiger (2006) and based on Matlab 
(The MathWorks, Massachusetts, USA). The model used for the EPR simulations 
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considered a low-spin 59Co(II) ion (S = 1/2, I = 7/2). The fitting parameters were the g-
values (gx, gy, and gz) and the line widths (ΔBx, ΔBy, and ΔBz). The fitting procedure was 
similar to the one previously described by Flores and coworkers.6 
6.4 Experimental Procedures for Chapter 4 
Materials 
All reagents were purchased from Sigma-Aldrich. Dichloromethane, methanol, and 
toluene were freshly distilled before use. All semiconductors were purchased from 
University Wafers. Milli-Q water (18.2 MΩ·cm) was used to prepare all aqueous 
solutions. 
The preparation of porphyrins used in this study, including cobalt(II) 5,10,15,20-
tetrakis(3-fluorophenyl)porphyrin (10), cobalt(II) 5,10,15,20-tetrakis(3-fluorophenyl)-2-
(4-vinylphenyl)porphyrin (9), cobalt(II) 5,10,15,20-tetra-p-tolylporphyrin (3), and 
cobalt(II) 5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin (1) described in Chapters 2 
and 3. 
GaP(100) wafers  
The semiconductor supports used in this work are single crystalline p-type Zn-doped 
gallium phosphide (100) wafers that are single side polished to an epi-ready finish. The 
wafers have a resistivity of 0.16 Ω·cm, a mobility of 69 cm2 V-1 s-1, and a carrier 
concentration of 4.5 × 1017 cm-3, with an etch pit density of less than 5 × 104 cm-2. 
Sample preparation 
Diced gallium phosphide samples were etched with buffered hydrofluoric acid and dried 
under nitrogen prior to wet chemical treatment with an argon-sparged solution of the neat 
monomer 4-vinylpyridine or 1 mM of 5,10,15,20-tetrakis(3-fluorophenyl)-2-(4-
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vinylphenyl)porphyrin, 9, under UV-light (254 nm) for 2 h. The samples were rinsed with 
methanol and dried under argon to yield samples of PVP|GaP and CoT3FPP|GaP, 
respectively. PVP|GaP samples were exposed to a 1 mM solution of cobalt(II) 
5,10,15,20-tetrakis(3-fluorophenyl)porphyrin, 10, in toluene for 12 h to yield 
CoT3FPP|PVP|GaP samples that were rinsed with toluene and dried under nitrogen. 
6.5 Experimental Procedures for Chapter 5 
Materials 
All reagents and solvents including, acetone, chloroform, methanol, sodium bicarbonate, 
sodium chloride, copper(II) acetate were purchased from Aldrich. Dichloromethane, 
methanol, hexanes, dimethylformamide and toluene were freshly distilled before use. 
Reactions were performed under argon atmosphere unless otherwise stated. Milli-Q water 
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Copper(II) 5,10,15,20-tetra-p-tolylporphyrin (CuP). CuP was prepared following a 
modified version of previously reported procedures.7-9 A mixture containing 5,10,15,20-
tetra-p-tolylporphyrin (50 mg, 0.075 mmol) and copper(II) acetate (95 mg, 0.53 mmol) in 
a solution of chloroform (35 mL) and methanol (5 mL) was stirred at reflux for 15 h. 
Upon cooling, the mixture was washed with a saturated solution of aqueous sodium 
bicarbonate, then with a saturated solution of aqueous sodium chloride, before extracting 
with dichloromethane. The organic phase was dried over sodium sulfate, filtered, and the 
solvent evaporated at reduced pressure. The residue was purified by column 
chromatography on alumina using dichloromethane as the eluent. Recrystallization from 
dichloromethane/methanol gave the target compound (96%). 
Fourier transform infrared (FTIR), electron paramagnetic resonance (EPR), and UV–Vis 
absorption spectroscopies coupled with mass spectrometry confirm successful synthesis 
of the target compounds and the data obtained using these methods are in agreement with 
previous reports.7-9 
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Bicopper(II) meso-β doubly-fused 5,24-di(p-tolyl)-10,19,29,38-tetramesitylporphyrin 
(Cu2FP) (left) and meso-β doubly-fused 5,24-di(p-tolyl)-10,19,29,38-
tetramesitylporphyrin (FBFP) (right) were prepared using previously reported 
methods.10 
Nuclear magnetic resonance (NMR) and UV–Vis absorption spectroscopies coupled with 
mass spectrometry confirm successful synthesis of the target compounds and the data 
obtained using these methods are in agreement with previous reports. Additional 
characterization of Cu2FP was performed using Fourier transform infrared and electron 
paramagnetic resonance spectroscopies.  
FTIR (KBr): 1610, 1506, 1450, 1379, 1358, 1327, 1230, 1209, 1182, 1161, 1065, 1003 
cm-1. EPR (CH2Cl2) (gx= 2.021). 
UV-Vis-NIR and UV-Vis-NIR-SEC 
All ultraviolet-visible-near-infrared (UV-Vis-NIR) spectra were recorded on a Shimadzu 
SolidSpec-3700 spectrometer with a deuterium lamp for the ultraviolet range and a WI 
(halogen) lamp for the visible and near-infrared. Ultraviolet-visible-near-infrared 
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spectroelectrochemistry (UV-Vis-NIR-SEC) measurements were performed in 
benzonitrile using a Biologic potentiostat. Measurements of the Cu2FP and CuP 
complexes were recorded in anhydrous benzonitrile using a Pt honeycomb design 
working electrode, a Pt counter electrode, and a silver wire pseudoreference electrode. 
The supporting electrolyte was 0.1 M TBAPF6. The solution was sparged with argon. 
Thin layer constant potential electrolysis was monitored via UV-Vis-NIR as the working 
electrode was polarized in a stepwise manner (i.e. an incrementally increasing bias 
potential versus the silver wire reference). Before changing the electrode polarization, 
absorption spectra were continuously collected at each applied potential until there were 
no significant changes in the resulting absorption spectra. This procedure was repeated 
until increasing the polarization no longer resulted in significant changes between UV-
Vis-NIR spectra collected prior to and following the potential step. The Pt honeycomb 
electrode was cleaned between experiments by collecting cyclic voltammograms in 0.1 M 
H2SO4, followed by rinsing with 18.2 MΩ×cm water and then acetone. The potential of 
the pseudoreference electrode was determined by measuring the ferrocenium/ferrocene 
redox couple under identical solvent conditions before and after completion of the 
measurements. 
FTIR and IR-SEC  
All Fourier transform infrared (FTIR) spectroscopy was performed using a Bruker Vertex 
70. Spectra were collected (64 scans) with a 4 cm-1 resolution, GloBar MIR source, a 
broadband KBr beamsplitter, and a liquid nitrogen cooled MCT detector.  
Infrared spectroelectrochemistry (IR-SEC) measurements were performed in 
dichloromethane using a Biologic potentiostat connected to a custom optically 
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transparent thin-layer electrochemical cell (pathlength : 0.2 mm) equipped with NaCl 
optical windows and purchased from professor Frantisek Hartl, University of Reading. 
The cell contained a Pt mesh counter electrode, a silver wire pseudoreference electrode, 
and a Pt mesh working electrode. The Pt mesh working electrode was positioned within 
the light path of the IR spectrophotometer. The cell and its contents were sealed under an 
argon atmosphere prior to all measurements, and thin layer constant potential electrolysis 
was monitored via FTIR as the working electrode was polarized in a step-wise manner 
(i.e. an incrementally increasing bias potential versus the silver wire reference). Before 
changing the electrode polarization, absorption spectra were continuously collected at 
each applied potential until there were no significant changes in the resulting absorption 
spectra. This procedure was repeated until increasing the polarization no longer resulted 
in significant changes between FTIR spectra collected prior to and following the potential 
step. The cell was disassembled and cleaned between experiments by rinsing the cell 
components first with water, followed by acetone, and finally dichloromethane. A drop of 
nitric acid was placed on the Pt mesh working electrode for approximately 5-10 min 
before rinsing with water. 
EPR  
Electron paramagnetic resonance (EPR) studies were performed at the EPR Facility of 
Arizona State University Continuous wave (CW) EPR spectra were recorded using an 
ELEXSYS E580 CW X-band spectrometer (Bruker, Rheinstetten, Germany) equipped 
with a Model 900 EPL liquid helium cryostat (Oxford Instruments, Oxfordshire, UK). 
For the measurements of monomeric copper(II) porphyrin, the magnetic field modulation 
frequency was 100 kHz, the amplitude was 0.5 mT, the microwave power was 1 mW, the 
microwave frequency was 9.44 GHz, the sweep time was 168 s, and the temperature was 
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30 K. For the fused copper(II) porphyrins, the experimental spectra were measured using 
a magnetic field modulation amplitude of 1 mT and a microwave power of 64 μW at a 
temperature of 40 K. 
Spin Hamiltonian. The EPR spectrum of the monomeric Cu porphyrin was analyzed 
considering a single Cu(II) ion (S = 1/2). Thus, the EPR data was fit using a spin 
Hamiltonian, H, containing the electron Zeeman interaction with the applied magnetic 
field Bo, and the hyperfine coupling (hfc) interactions with one 63,65Cu (I = 3/2), four 
equivalent 14N (I = 1) and one 1H (I = 1/2):11 
 
H = b[𝑆. 𝑔. BL + ℎ	𝑆. 𝐴$%. 𝐼$% + ∑ ℎ	𝑆. 𝐴Zd. 𝐼ZdJ&eS + ℎ	𝑆. 𝐴f. 𝐼f Eq. 1 
 
where S  is the electron spin operator, 𝐼$%, 𝐼Zd and 𝐼f are the nuclear spin operators of a 
63,65Cu, four equivalent 14N and a 1H, respectively, 𝐴$%, 𝐴Zd and 𝐴f are the 
corresponding hfc tensors in frequency units, 𝑔 is the electronic g-tensor, βe is the 
electron magneton, and h is Planck’s constant.  
The EPR spectrum of the fused copper(II) porphyrins was analyzed considering two 
equivalent Cu(II) ions (S = 1/2) interacting with two equivalent 63Cu nuclei. In this case, 
only the electron Zeeman term and the hfc interactions with two equivalent 63Cu (I = 3/2) 
nuclei were included in the spin Hamiltonian since hfc interactions with 14N and 1H are 
not resolved in the spectrum. 
Fitting of EPR spectra. To quantitatively compare experimental and simulated spectra, 
we divided the spectra into N intervals, i.e., we treated the spectrum as an N-dimensional 
vector R. Each component Rj has the amplitude of the EPR signal at a magnetic field Bj, 
with j varying from 1 to N. The amplitudes of the experimental and simulated spectra 
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were normalized so that the span between the maximum and minimum values of Rj is 1. 
We compared the calculated amplitudes Rj calc of the signal with the observed values Rj 
defining a root-mean-square deviation σ by: 
 
σ(p1, p2,…, pn) = [  (Rjcalc(p1, p2, …, pn) - Rjexp)2/N]½   Eq. 2 
 
where the sums are over the N values of j, and p’s are the fitting parameters that produced 
the calculated spectrum. For our simulations, N was set equal to 2048. The EPR spectra 
were simulated using EasySpin (version 5.1.10), a computational package developed by 
Stoll and Schweiger12 and based on Matlab (The MathWorks, Massachusetts, USA). 
EasySpin calculates EPR resonance fields using the energies of the states of the spin 
system obtained by direct diagonalization of the spin Hamiltonian (see Eq. 1). The EPR 
fitting procedure used a Monte Carlo type iteration to minimize the root-mean-square 
deviation, σ (see Eq. 2) between measured and simulated spectra. We searched for the 
optimum values of the following parameters: the principal components of g (i.e., gx, gy, 
and gz), the principal components of the hfc tensors 𝐴$% (i.e., 𝐴6$%, 𝐴h$%, 𝐴i$% ), 𝐴Zd (i.e., 𝐴6Zd, 𝐴hZd, 𝐴iZd) and 𝐴f (i.e., 𝐴6f, 𝐴hf, 𝐴if), and the peak-to-peak line-widths (DBx, DBy and 
DBz). 
Electrochemistry  
All voltammetry measurements were performed with a Biologic potentiostat using a 
glassy carbon (3 mm or 1 mm diameter) disk, a platinum counter electrode, and a silver 
wire pseudoreference electrode in a conventional three-electrode cell at scan rates 
between 50-900 mV s-1 at room temperature under argon. The argon gas stream 
å
j
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(ultrahigh purity) was introduced to the electrochemical cell using PEEK tubing 
connected to a pre-bubbler containing dichloromethane, saturating the inert gas with 
solvent vapors. The potential of the pseudoreference electrode was determined using the 
ferrocenium/ferrocene redox couple as an internal standard. Dichloromethane (distilled 
over CaH2) and anhydrous benzonitrile (Aldrich) were used as solvents for 
electrochemical measurements. Electrochemical analysis grade TBAPF6 electrolyte was 
obtained from Aldrich and stored in a desiccator containing CaSO4 as a desiccant. The 
supporting electrolyte concentration for all electrochemical measurements was 0.1 M 
TBAPF6. 
Determination of HA/H2 via OCP Measurements. All measurements were conducted 
following a previously reported procedure and experimental setup.13 
Rotating Ring-Disk Experiment  
All measurements were performed in a cell sparged for 20 min with argon, and then 
blanketed with argon throughout the experiments. Before any ring currents were 
measured, the Pt ring was polished by hand with a 3 μm followed by a 1 μm diamond 
slurry on a Nylon polishing cloth, and then again with a 1 μm diamond slurry on a 
Microcloth polishing pad, followed by rinsing and sonication in 18.2 MΩ×cm water. The 
collection efficiency was independently determined by oxidizing K4FeII(CN)6 at the 
glassy carbon working electrode (5 mm diameter) and reducing K4FeIII(CN)6 at the 
platinum ring. 
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Figure 6.12. 1H NMR spectra of (top) 5,10,15,20-tetra-p-tolylporphyrin and (bottom) 
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Figure 6.13. Voltammograms of Cu2FP (0.01 mM) collected in a 0.1 M TBAPF6 
dichloromethane solution under argon with an increasing amount of TFA (19.5–84.5 





Figure 6.14. Voltammograms of Cu2FP (0.01 mM) collected in a 0.1 M TBAPF6 
dichloromethane solution under argon with TFA (19.5 mM) and at scan rates of 300–900 
mV s-1. 
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Figure 6.15. Linear sweep voltammograms recorded using a glassy carbon working 
electrode in a 0.01 mM Cu2FP solution (blue solid) or in a solution without Cu2FP 
present, following collection of the blue linear sweep voltammogram and rinsing the 





Figure 6.16. Voltammograms of 0.01 mM Cu2FP recorded in a 0.1 M TBAPF6 
dichloromethane solution at a scan rate of 600 mV s-1 with 65 mM TFA using either a 3 
mm glassy carbon disk (yellow) or a platinum wire (maroon and green) as the counter 
electrode. 
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Figure 6.17. Voltammograms of 0.1 mM Cu2FP recorded in a 0.1 M TBAPF6 
dichloromethane solution at a scan rate of 600 mV s-1 with 65 mM TFA using either a 3 




Figure 6.18. Voltammograms of 0.01 mM Cu2FP (blue) and 0.01 mM CuP (red) 
recorded in a 0.1 M TBAPF6 dichloromethane solution at a scan rate of 100 mV s-1 with 
either 16.25 mM (solid) or 32.5 mM (dashed) TFA. Voltammograms recorded using 
porphyrin-free solutions of 0.1 M TBAPF6 in dichloromethane at a scan rate of 100 mV 
s- 1 (black), with either 16.25 mM (solid) or 32.5 mM (dashed) TFA, are included for 
comparison. All voltammograms were recorded using a 1 mm diameter glassy carbon 
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working electrode at room temperature and the ferrocenium/ferrocene redox couple as an 
internal reference. 
 
Figure 6.19. Voltammograms of 0.01 mM Cu2FP (blue) and 0.02 mM CuP (pink) 
recorded in a 0.1 M TBAPF6 dichloromethane solution at a scan rate of 100 mV s-1 with 
either 16.25 mM (solid) or 32.5 mM (dashed) TFA. 
 
 
Figure 6.20. (b) Voltammograms of 0.1 mM Cu2FP (dark blue) and 0.2 mM CuP 
(orange) recorded in a 0.1 M TBAPF6 dichloromethane solution at a scan rate of 100 mV 
s-1 with either 16.25 mM (solid) or 32.5 mM (dashed) TFA. 
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Figure 6.21. Voltammograms of 0.1 mM Cu2FP (dark blue) and 0.1 mM CuP (dark red) 
recorded in a 0.1 M TBAPF6 dichloromethane solution at a scan rate of 100 mV s-1 with 
either 16.25 mM (solid) or 32.5 mM (dashed) TFA.  
 
Figures 6.22. MALDI-TOF MS data collected using samples of Cu2FP following 4 h of 
exposure to a solution of 87.5 mM TFA (7000 equivalents of TFA with respect to the 
concentration of Cu2FP used in these experiments / 12.5 µM in Cu2FP) in 
dichloromethane. 
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